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BACKGROUND 

Military helicopters play an increasingly important role in battlefield mobility. For example, the 
UH-60 BLACK HAWK, manufactured by Sikorsky Aircraft, performs a variety of missions, 
including assaults, resupply, medical evacuation, command and control, and tactical positioning 
of reserves. Among the critical components influencing the performance and reliability of 
helicopters are the gears in the drive trains. Sikorsky and other helicopter manufacturers 
currently rely on experience when making improvements to present gear production processes or 
when developing production processes for advanced larger and lighter weight gears. Process 
designers would greatly benefit from a tool that could assist them in the prediction and control of 
the least understood portion of the gear manufacturing process, heat treatment. 

Heat treatment is performed to achieve the necessary surface hardness and through-toughness of 
precision helicopter gears. The heat treating process is comprised of four stages: carburization, 
austenitization and quench, deep-freeze, and tempering. At each of these stages, part distortion 
and residual stress are introduced. Rejection or rework of gears due to excessive heat treat 
distortion adds significantly to the cost of gear production. Industry estimates are that 15% of all 
production gears are scrapped as a result of distortion and that this figure can reach 50% for 
some of the newer, lighter gear designs. As helicopters are required to be more and more 
lightweight, thinner gears will likely be even more susceptible to heat treat distortion. 

Industry practice relies on process designer experience to estimate how or where in the heat 
treating process the distortion and stress are introduced. However, there are practical limits to 
this approach. Because empirical methods often require several iterations to achieve process 
improvements, the approach is time consuming, expensive, and less effective as part complexity 
increases. Furthermore, as new materials are introduced, the lack of practical experience makes 
these methods that much more difficult. 

Improvement in prediction and control of the heat treat process requires the development and 
introduction of simulation tools. Development of such tools are made feasible by recent advances 
computer processing speed, finite element analysis methodologies, and materials property 
characterization, which make it possible to predict behavior for parts with complicated 
geometries and nonlinear boundary conditions and material properties. 

Finite element analysis is a powerful computer-based method that has been commonly used for 
many years to solve complex problems in engineering. It is only the last several years— as 
computers have become much faster and cheaper—that this method has been used to simulate 
materials processes. The use of finite element methods to simulate heat treat processes presents 
itself as one of the many challenging subjects in the area of materials processing research. 

The complex interaction of the many fields that come to bear in heat treatment—metallurgy, 
nonlinear solid mechanics, solid and fluid heat transfer, coupled with the need for materials 



property data that is not commonly available, make the simulation of heat treat processes a 
challenging task.    However, the benefits provided by a successful modeling program — a 
cost-effective tool that can reduce or eliminate much of the trial-and-error currently used to 
design gears and gear processes and to troubleshoot problematic processes — make this 
challenge one that many in the heat treatment community believe is necessary to confront. 

The development of a computer simulation methodology for prediction of heat treat distortion 
described in this report is one of many efforts currently underway.  These include, to name a 
few: a multi-year program directed by the National Center for Manufacturing Sciences aimed 
at developing methodologies for distortion prediction and control in automotive gears, the 
HEARTS program developed in Japan, and TRAST, a program that is currently being 
developed in Europe. None of these programs, however, has been applied or tailored to the 
unique problems and needs of the helicopter gear industry. 

OBJECTIVES 

The ultimate objective of this research and development effort is to develop a simulation tool 
which will assist process engineers in the design of heat treat processes.   The tool will 
enable the user to predict the distortion and residual stresses which are likely to occur during 
heat treating in terms of part geometry and processing conditions.  In addition, the tool will 
allow the user to predict such things as carbon profiles, furnace soak times, residual stress 
patterns, and phase content. 

The immediate objectives of this first phase of investigation include the development of the 
computational methodology for the heat treat simulation model; the determination, through 
measurement and literature review, of the material properties required for the model; and an 
initial evaluation of the model by comparison of model predictions with experimental results 
for heat treatments of parts with simplified geometries.  This first phase has also served to 
identify those areas of the problem that need more attention and to define the logical next 
steps for improvement of the model. 

APPROACH 

In order to achieve the immediate objectives presented above, the program was divided into 
five activities: 

1. development of the simulation model 
2. evaluation of required material properties 
3. measurement of surface heat transfer coefficients 
4. evaluation of the model through application to a carburized flat disk 
5. application of the model to a press-quenched gear blank. 

In each of the last two activities, controlled heat treatments were carried out to provide a 
basis for evaluation of the model's simulation capabilities. 



MODEL DEVELOPMENT 

The model developed for simulation of the carburization, quench, deep-freeze and temper 
processes is structured around the commercially-available finite element analysis package 
ABAQUS [1]. 

The model consists of two distinct components: one for simulation of carbon diffusion, and 
another for thermo-mechanical analysis of each of the heat treat stages.  The carbon profile 
calculated using the carbon diffusion model is stored in a file and read into the thermo- 
mechanical model as an input. 

CARBON DIFFUSION MODEL 

The carbon diffusion model was implemented in the ABAQUS program using its *HEAT 
TRANSFER procedure, taking advantage of the mathematical analogy between the equations 
governing diffusion and heat conduction.  The governing equation for diffusion in a solid is 
given as: 

acyat = DCV
2
CC , (i) 

where Cc is the weight percent of carbon and Dc is the diffusivity of carbon in iron.  This 
equation is therefore analogous to the heat conduction equation 

3T/3t = DhV2T , (2) 

with carbon diffusivity Dc analogous to heat diffusivity Dh=k/pc , where k is conductivity, p 
is density and c  is specific heat.  The diffusivity coefficient Dc is a function of both 
temperature and carbon content. 

The boundary condition for this equation is: 

qc = ßp(Catm-CC)0) , (3) 

where qc is the surface carbon flux rate, ß is an effective reaction rate constant, p is density, 
Catm is the atmosphere carbon potential and Cc 0 is the baseline carbon content. 

The temperature is fixed for the carburization simulation. ABAQUS allows for the diffusivity 
coefficient Dc to vary as a function of Cc through use of the temperature-dependence of the 
conductivity parameter. 

To provide some verification for the model, we simulated the carburization of the outer edge 
of a six inch diameter by one inch thick disk.  The baseline helicopter gear material, SAE- 
9310 steel, with a baseline carbon content of 0.1 percent, was subjected to carburization at 
1800 F (982 C) for 24 hours with an imposed atmospheric carbon potential of 0.9 percent. 
Figure 1 shows the variation of carbon content near the outer edge of the disk at 6 hour 
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intervals during the carburization.  The calculated final value of total case depth — defined to 
be the radial inward distance from the outer edge of the disk to a point at which the carbon 
content increases from its core value to 0.4 percent — is about 0.13 inches, which is in good 
agreement with data taken from Stickels [2]. 

THERMOMECHANICAL MODEL 

Heat treatment processes, and, in particular, the quench process, are characterized by rapid 
temperature change and large temperature gradients. The heat treat simulation model must 
account for transient heat transfer, both within the solid (conduction), and between the solid 
and its surroundings, whether it be air, a quenchant, or a constraining die. The change in 
temperature accompanying heat transfer produces thermal expansion and contraction, and can 
also lead to changes in the structure of the material, namely phase transformations.  The 
model must therefore be able to account for evolution of phase volume fractions, 
transformation volume and shape change, and the latent heat of transformation. Finally, in 
order to describe the mechanics of heat treat processes, the model must be able to describe 
the elastic-plastic deformation of this evolving two-phase material. 

The ABAQUS program provides two different approaches for conducting thermomechanical 
calculations: coupled and uncoupled. Using the uncoupled method, a heat transfer analysis is 
first carried out and the calculated temperatures are stored in a file.  A stress analysis is then 
performed using the stored temperature profiles as inputs.  Using the coupled procedure, these 
calculations are made in an incremental fashion, i.e., the heat transfer calculation for a given 
time increment is first made, and then the stress calculation for that same time increment is 
made.  If necessary, the heat transfer calculation is repeated based upon the stress calculation, 
and so on.  The coupled method appears to have one disadvantage — it generally requires 
more CPU time. However, there are two distinct advantages to the coupled method: it does 
not require the storage of large quantities of temperature data; and it allows for coupling 
between the solution of the stress/equilibrium equations with those governing heat transfer. 
This latter feature is potentially very important in models for heat treatment because of the 
phase transformations that occur during quench.  The transformation is a strong function of 
temperature (and can also depend upon the state of stress).  In turn, the stress state is a strong 
function of the properties of the transformation products.  At the same, time, the 
transformation absorbs heat and therefore affects heat transfer. 

For our model, we have chosen the coupled approach, due to the potentially significant 
coupling between the mechanics of the transformation and heat transfer, and because it is a 
little more user-friendly in that it requires only a single analysis, 

The thermomechanical model is described schematically in a flow diagram in Figure 2.  Each 
heat treatment process is simulated by means of an iterative time-stepping procedure wherein 
the time associated with each process step is broken into a number of smaller pieces. 
Thermal properties (conductivity, density and heat capacity) and thermal conditions at the 
beginning of the time step (i.e., the temperature of the part and its surroundings) are fed into 
the heat transfer solver for a given time increment, tj.  Surface heat flux is calculated via the 
FILM subroutine, which allows the user to define surface heat transfer characteristics as a 
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function of temperature, time, position, etc.  The heat transfer calculation is solved to 
determine a temperature profile for time ti5 which is then fed into the force equilibrium solver 
along with the mechanical boundary conditions. An initial estimate of the strain increment at 
each material point is passed, along with the calculated temperature, into a subroutine called 
UMAT.  In this subroutine, described in more detail below, the stress evolution equations are 
solved as functions of the temperature, strain increment, and the properties of the material 
(including the carbon content) at this location.  The UMAT subroutine passes back the 
calculated stresses for that increment along with other data, including the phase evolution for 
the increment. Based upon this information, the force equilibrium equations for time tj are 
solved iteratively. As required, phase evolution data is fed into a third subroutine, HETVAL, 
where internal heat generation is calculated and fed back into the heat transfer solver, where a 
new calculation of the temperature profile for time tj is made.  This iterative process 
continues until the equilibrium and heat transfer equations have both been satisfied to within 
some small tolerance.  The output of the model at each time step tj includes temperature, 
displacements, stresses, and phase fractions at each calculation point. 

UMAT SUBROUTINE 

The mathematical model describing material behavior during quench, which is incorporated in 
the ABAQUS program via the UMAT subroutine, is described below.  This model, without 
any additional complexity, also describes behavior during deep-freeze.    A few modifications 
in material properties and program flow are used to model the carburization and temper steps, 
as noted. 

As discussed above, the primary purpose of the UMAT subroutine is to integrate the stress 
state from time t to time t+At based upon estimates of the increment in strain and temperature 
over the increment provided by ABAQUS.  The updated information is passed back into the 
main part of ABAQUS and used to solve the global equations of equilibrium.  Other variables 
which describe the state of the material, such as the hardness and volume fraction of 
individual phases, are also updated within the UMAT.  Finally, the heat generated by changes 
in stress and material state are calculated and used in solving the governing heat transfer 
equations. 

To simplify the discussion that follows, we introduce notation such that, for example: 

are used to denote the stress tensor at time t (the beginning of the increment) and at time t+At 
(the end of the increment).  Standard indicial notation is used. 

The following variables are passed into the UMAT: 

Oj:   = beginning-of-increment stress tensor ; 



e-0  = beginning-of-increment strain tensor ; 

AEJ- = strain increment tensor ; 

T°   = beginning-of-increment temperature ; 

AT  = temperature increment; 

v°(n)= beginning-of-increment vector of state variables ; 

At   = time increment. 

The primary objective of the UMAT is to calculate the stress tensor at the end of the 
increment: 

°ij   =^j° + Aaij. (4) 

The stress increment, A<Jy, is estimated to be equal to the stress rate, öy, multiplied by the 
time increment, At: 

Aay = OyAt. (5) 

The stress rate is in turn assumed to be related to the strain rate through a stress evolution 
equation: 

°y   =LijÄe]' (6) 

where Lijkl
e is the 4th order elasticity tensor and £ye is the elastic part of the strain rate 

tensor. 

For SAE-9310 steel undergoing quench, the strain rate tensor has four parts: 

e.   = e-e + e-T + e-p + £-tr (7) fcij fcij   + fcij    ^ fcij   ^ fcy    ' v ' 

•   T 
where Ey    = thermal strain rate , 

£y    = plastic slip strain rate , 

E^ = transformation strain rate . 

The total strain rate is provided as an input to the UMAT; the elastic part of the strain rate 
must be calculated in order to determine the stress rate. The contributions to the strain rate 
due to thermal expansion, plastic slip and transformation must therefore be calculated. 

Since it has no shear component, calculation of the thermal contribution to the strain rate is 
straightforward: 



eV = aT , (8) 

where T is the rate of temperature change (known), e ^ represents the hydrostatic component 
of eTy and a is the coefficient of thermal expansion. 

Calculation of the plastic slip and transformation components of the strain rate tensor is more 
complex.  To calculate the transformation strain, we must introduce an evolution law for the 
martensite phase. We assume the following evolution equation for martensite volume 
fraction, f: 

f=P(0)0, (9) 

where P(0) is a transformation distribution function, which prescribes the rate of formation of 
martensite for a given value of the driving force, 0, where: 

0 = kT(Tm - T) + keae° + k^0 , (10) 

and kT ke and 1^ are constants that must be determined by experimentation. 

The first term on the right hand side of equation (10) represents the predominant thermal part 
of the driving force; the second two terms are additional components of driving force due to 
stress and reflect the stress-dependance of the transformation kinetics. Tra is the mean 
temperature for transformation, which is a strong function of the carbon content.  ae is the 
equivalent or von Mises stress, which provides a measure of the size of the deviatoric 
component of the stress tensor.  <rm is the mean stress, which provides a measure of the size 
of the hydrostatic component of the stress tensor. 

Once the rate of formation of martensite has been calculated, we can calculate the associated 
transformation strain rate. The transformation strain rate has a deviatoric (shear) component, 
which is biased in the direction of deviatoric plastic strain, and a hydrostatic or volume 
change component.  The transformation strain rate is further proportional to the rate of 
increase in martensite volume fraction, so that: 

I?    = f(kgNij + Av5y), (11) 

where ks and Av are constants representing the shape strain and volume change 
accompanying the transformation, 5^ is the second order identity tensor, and Ny is a unit 
tensor coaxial with the direction of deviatoric plastic strain. Following several authors, we 
use the method of radial return [3] to determine the direction of shear deformation.  Using 
this method, we assume that the direction of deviatoric plastic strain rate, Ny, is in the same 
direction as that given by an elastic predictor of the stress state, 

c{ = a-f + 3\m£') > <12> 
where u=n(T) is the elastic shear modulus. 

In this equation, the prime (') is used to denote the deviatoric component of the given tensor, 



which is defined such that, for example, 

°ii'  = °ij " l^Okk • <13> 

The tensor Ny is thus defined as: 

Ny  = </lay*'l, (14) 

where lay* I is the magnitude of Gy . 

Using an isotropic hardening model, the plastic slip strain rate, 6yP, is calculated indirectly by 
requiring that, when plastic flow is occurring, the equivalent stress, 

CJe EE ^Gy'Gy'   , 

must satisfy the yield criterion of the evolving two-phase steel, Y, so that 

Ge = Y , (15) 

In addition, using the radial return method, the stress evolution equation for isotropic 
hardening must be satisfied: 

Ge = Ge* - 3uAt(£ P + e/), (16) 

with 

e PN- = e-p • 

fce ^ij - fcy   • 

The yield function Y describes the internal resistance of the material to plastic slip 
deformation. We have chosen to use a rule of mixtures law to determine Y, which requires 
that 

Y = fYmart + (l-f)Yaust . (17) 

We further assume that plastic slip is rate-independent over the range of strain rates 
encountered during quenching, so that 

^aust = saust(*'^c', ' 

*mart = smart( *'^c' • 

where saust(T,Cc) and smart(T,Cc) are the hardnesses of the two phases.   The hardnesses of 
each phase evolve with plastic deformation: 

10 



s = Saust0 + haustee
pAt; (18) aust       aust aust e 

smart = smart   + "mart£e ^ ' (1") 

A * 

where haust = haust(saust,T,Cc) and hmart=hmart(smart,T,Cc) are the hardening rates of the two 
phases and 

is the equivalent plastic strain rate.  Since the martensite phase is much harder than the 
austenite phase, plastic flow will occur in the austenite phase first. We therefore assume that, 
when the stress is less than Ymart, the equivalent plastic strain rate in the austenite phase is 
equal to l/(l-f) times the composite equivalent plastic strain rate and the equivalent plastic 
strain rate in the martensite phase is zero.  When the stress is greater than Ymart, we assume 
that the strain rate in each phase is equal to the composite strain rate. 

Subtracting (16) from (17), we thus arrive at an explicit equation which, after some 
manipulation, has one unknown — the equivalent plastic strain rate, ee

p. 

Once Ge has been determined, the end-of-increment stress tensor is given as: 

°ij    = GeNij + 1/3<*m • (20) 

where 

<V  = °m° + SKAt^-e^-E^1), (21) 

and where K=K(T) is the bulk modulus. 
* 

The state variables, f = f° + fAt, etc, are updated and placed into the end-of-increment state 
variable vector, v(n). 

Before returning control to the main part of AB AQUS, the material Jacobians, 

Je    = dCTy/dey ; (22) 

JT    = dcJy/dT (23) 

are calculated. The calculations of the Jacobians are too detailed to describe here; they 
simply involve mathematical manipulation of the equations used to determine the end-of- 
increment stress tensor. 

Material behavior during carburization is modelled in the same manner as described above for 
quench.  In this case the transformation temperatures and the transformation volume change 
become those associated with the slower cooling rates found in carburizing.  The 
transformation product is assumed to be bainite instead of austenite.  It should be noted that 
no diffusional transformations are assumed to take place. 

11 



Material behavior during the temper operation is modelled in a quite simple fashion. 
Tempering is performed in order to increase the surface toughness of the material, which is 
low due to the high carbon content.  During temper, carbon atoms diffuse through the 
material and form carbides, thus reducing the effective carbon content.  The amount of 
diffusion that takes place during the temper operation is a function of the tempering 
temperature, the tempering time, and the carbon content.  As one might expect, high 
temperatures and high carbon levels promote diffusion and hardness change. At higher 
temperatures, the decrease in carbon content lowers hardness, but this effect is very small for 
the low tempering temperatures (T=150 C) that are used for helicopter gears.   There is, 
however, a small negative volume change associated with the loss of carbon from solution. 
A small modification to the UMAT is made to account for this volume change during the 
simulation of the temper operation; the volume change is accommodated as an effective 
change in the thermal expansion coefficient near the tempering temperature. 

HEAT TRANSFER EQUATIONS 

As noted above, the primary coupling between the stress/equilibrium and heat transfer models 
is through the heat of transformation, which can be expressed as: 

h*   = kheatf. (24) 

Heat of transformation data is used in the heat transfer calculation routines of ABAQUS in 
the solution of the heat conduction equation: 

3T/3t = k/(pcp)V2T + htt. (25) 

The value of f at the end of the increment is passed into the subroutine, HETVAL, providing 
heat generation information to the heat transfer calculations for that increment. 

The boundary condition for equation (25) depends upon the type of heat transfer. For 
convection, the surface heat flux qc is assumed to be a linear function of the difference 
between the part surface temperature, Ts and the bath temperature Tb, through a film 
coefficient H: 

qc = H(TS - Tb) . (26) 

This relationship is incorporated into the heat transfer routine via the FILM subroutine.  The 
film coefficient, H, is known to be a strong function of temperature; a significant effort has 
been devoted to measuring H under different conditions, as will be discussed in a later section 
of this report. 

Although measurements of heat transfer between the part and air were made for this 
investigation, the mechanism of heat transfer was not considered to be critical to the model. 
As such, heat transfer data for both radiation and convection were lumped into an effective 
film coefficient. 

12 



If radiative heat transfer with air were deemed to be important, it could be included in the 
model using the DFLUX subroutine, which provides a more general definition of the surface 
heat flux.  The equation governing surface heat loss due to radiation is: 

qr = °sbA(Ts
4 - Ta

4) , (27) 

where Ta is air temperature, asb is the Stefan-Boltzman constant and A is a constant which 
accounts for the surface emissivity and the geometry of the surrounding environment. 

To illustrate the performance of the model, Figures 3 through 7 summarize model predictions 
of behavior for a infinitely long, hollow, right-circular cylinder subjected to an oil quench 
with heat transfer on its outer surface only. Figure 3 shows a schematic of this simple one- 
dimensional problem. The cylinder is assumed to be initially at the austenitization 
temperature, 830 C. The oil bath is at 20 C.  The cylinder has not been carburized. Figure 4 
shows the variation of temperature of the cylinder at five different times during the quench. 
As one might expect, the temperature drops more rapidly at the outer surface of the disk, 
creating a temperature gradient.    The gradient becomes less severe with time until finally, 
after about 30 to 50 minutes, the temperature is uniform.  This gradient in temperature 
produces a circumferential stress, as shown in Figure 5.  At early times, a state of 
compressive stress with a steep gradient near the wall exists due to thermal contraction. 
After 300 seconds, however, the temperature of the wall has dropped well below the 
martensite start temperature, causing martensite to form (Figure 6).  The accompanying 
transformation of martensite and its associated volume change causes the circumferential 
stress to reverse sign.  After most of the martensite has formed and as the temperature 
continues to drop, a more complex stress state develops due to the combined effect of 
transformation volume change and thermal contraction. Finally, after the temperature has 
equalized, the stresses become smaller, but a residual stress state remains. Figure 7 shows 
the displacement history of the outer surface of the wall, illustrating the initial thermal 
contraction followed by transformation expansion followed by a secondary thermal 
contraction. 
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DETERMINATION OF MATERIAL PROPERTIES 

The second task of the program focussed on the determination, through either measurement or 
literature review, the material properties necessary to describe the behavior of 9310 steel 
during carburization, austenitization and quench, deep-freeze, and tempering.  The required 
material properties are summarized in Table 1.  These properties are not generally available 
for 9310 steel. Where properties for 9310 were unavailable, properties for similar alloys were 
used.  The properties that were thought to be most critical — stress-strain and phase 
transformation behavior — were measured. 

TABLE 1. MATERIAL PROPERTIES REQUIRED FOR THE MODEL 

Material Property Determination Method Conditions 

diffusion coefficient technical literature 
and calculation 

temperature, carbon content 

elastic-plastic 
stress-strain behavior 

uniaxial tension tests 
and technical literature 

- carbon levels 
- carburization temperature 
- quench range temperatures 
- tempering temperature 

phase transformation 
temperatures 

dilatometry/CCT diagram 
development 

carbon levels 

latent heat of 
transformation 

technical literature 
and laboratory tests 

carbon levels 

specific heat technical literature 
and calculation 

temperature range 

thermal and phase- 
induced volume change 

dilatometer measurement - carbon levels 
- cooling rates 

Continuous Cooling Transformation (CCT) diagram development and dilatometry 
measurements were performed at Climax Research Services in Farmington Hills, MI.  Stress- 
strain properties, as functions of temperature and carbon content, were measured at Manlabs 
in Cambridge, MA. 

Dilatometry and stress-strain measurements were made at four carbon levels: 0.1 weight 
percent — the baseline level for 9310 steel, and elevated levels of 0.34, 0.58 and 0.83 weight 
percent which are needed to simulate the carbon levels at various depths in the carburized 
case.  All specimens were normalized at the heat treatment facilities of Klock in Manchester, 
CT.  The three sets of elevated carbon specimens were then through-carburized at Klock. 
Based upon calculations made at Arthur D. Little using the carbon diffusion model, a 30-hour 
carburization cycle was used.  Since through-carburization is not often performed, there were 
concerns as to whether the specified carburization time would be sufficient.  Therefore, after 

19 



carburization, the specimens were sent to Dirats Laboratories in Westfield, MA in order to 
verify the quality of the carburization.    The average carbon content of each of the specimens 
and the variation of hardness throughout the cross-section of each specimen (carbon level can 
be inferred from hardness) were measured at Dirats.  The results of their analyses are 
summarized in Figure 8 and indicate that the through-carburization procedure was successful. 
The reports provided by Dirats are attached as Appendix A. 

The remainder of the properties specified in Table 1 were obtained through review of 
technical literature.  The discussion that follows summarizes the results of our findings for 
each set of properties listed in the table and describes in detail how these results were 
obtained. 

CARBON DIFFUSION PROPERTIES 

Diffusivity 

An initial estimate of the diffusivity of carbon into steel was determined through technical 
literature review.  The diffusivity coefficient Dc in equation (1) is a function of both 
temperature and carbon content.  The following empirical relationship proposed by Tibbetts 
[4] summarizes existing experimental data for diffusion of carbon in iron: 

Dc = 0.47exp [-1.6CC - (37000-6600Cc)/(RT)]  , (28) 

where Dc is in cm2/s and R is the Universal Gas Constant.  This equation indicates that D is 
a strong function of both T and Cc, as shown in Figure 9.  This relationship was used to 
determine Dc for initial simulations. However, as experimental data became available later in 
the program, data for Dc were modified to provide accurate fits to measured carbon profiles. 
In particular, the strong increase in Dc with Cc did correlate well with the shape of the carbon 
profiles.  Instead, constant values of Dc seemed to provide the best fits.  In particular, a value 
of Dc=2.8 x 10"7 cm2/sec yielded the best agreement with data from the flat disk experiments, 
while a value of D =3.8 x 10"7 cm2/sec provided the best fit to the rim/web gear blank data. 

Surface carbon reaction rate 

The surface carbon reaction rate constant ß in equation (3) is a function of the degree of 
atmosphere circulation in the carburization furnace.  Studies performed by Stickels [2] 
indicate that 

ß = 0.00002 s4 

yields results that are in good agreement with experiments, but that this constant may increase 
of decrease by a factor of two depending upon the particular furnace. 
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PHASE TRANSFORMATION PROPERTIES 

Continuous cooling transformation data were generated by means of dilatometry and 
metallographical observation by Climax. These curves show the evolution of the phase 
structure of the steel as a function of time and temperature when a 0.5 inch long by 0.1 inch 
diameter cylindrical specimen is cooled from its austenitization temperature to room 
temperature at various constant rates of temperature change. 

Climax first developed a complete set of ten CCT curves for 9310 steel cooled at rates 
ranging from 0.05 C/sec to 80 C/sec.  Phase transformation data are determined through 
dilatometry — the change in length of the specimen is recorded as a function of temperature 
and then related to the corresponding change in volume — and through metallographical 
evaluation of the specimen following the test.   The coefficient of thermal expansion for each 
phase is also determined in this test. 

Figure 10 shows the CCT curve for 9310 steel developed by Climax. Figure 11 shows the 
raw dilatometry data for the fastest cooling rate curve (dT/dt=80 C/s).  Upon cooling from the 
austenite start temperature, the specimen undergoes thermal contraction.  When martensite 
begins to form, the transformation volume change causes the specimen to increase in length. 
Finally, when the transformation is over, the specimen continues to contract, at a rate that is 
characteristic of martensite.  The martensite start (Ms) and the martensite finish (Mf) 
temperatures indicated in Figure 10 are determined directly as the inflection points in the 
dilatometer curve of Figure 11. 

A simple FORTRAN program was written to further process the dilatometry data in order to 
determine the coefficients of thermal expansion of each phase, the total volume change 
associated with the transformation, and the rate of evolution of the martensite phase with 
temperature.  The results of this processing are summarized in Figure 12. 

Since helicopter gears are quenched rapidly, only martensitic transformations are generally 
encountered.  In order to reduce the costs associated with CCT diagram development, Climax 
performed a smaller number of dilatometry experiments (4 curves instead of 10) for the 
remainder of the specimens, using only the faster cooling rates — 10 C/sec to 80 C/sec. 
They repeated the test for the 9310 material and performed partial tests for each of the 
elevated carbon levels.  The results of these tests are summarized in Figure 13 and 14. 

The variation of Ms and Mf with carbon content is summarized in Figure 15.  It is well 
known that an increase in carbon content causes the Ms and Mf temperatures to decrease. 
The data presented in Figure 15 is in excellent agreement with similar data presented, for 
example, in [5]. Note that the Mf temperature for the two highest carbon levels are below 
room temperature.   As will be discussed later, this presents a problem with regard to the 
determination of transformation and stress-strain behavior for these carbon levels at the low 
temperatures associated with deep-freeze process step. 

Complete reports provided by Climax are attached as Appendix B. 
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SPECIFIC HEAT AND HEAT OF TRANSFORMATION 

The variation of specific heat with temperature, including the heat required to produce the 
transformation, was determined through literature review and calculations based upon 
martensite evolution data determined in the CCT tests. 

The variation of specific heat with temperature was evaluated from several literature sources 
[e.g., 6, 7]. Although none of these data were measured for 9310 steel, there appears to be 
little variation of specific heat with alloy content.  Based upon these data, the specific heat 
was determined to vary from 600 J/kg C at 0 C to 660 J/kg C at 1000 C. 

The latent heat of transformation for the transformation from austenite to martensite was 
determined to be about 60,000 J/kg, based upon data given in [8].  Using this value, and the 
data for rate of transformation versus temperature shown in Figure 12, we were able to 
determine the specific heat of transformation.  The total specific heat, which is equal to the 
specific heat plus the heat of transformation, is plotted in Figure 16. 

THERMAL CONDUCTIVITY 

The variation of the coefficient of thermal conductivity, k in equation 25, with temperature 
was determined through literature review. Again, data for 9310 steel could not be found in 
the literature. Data for a steel with an very similar alloy content — 31-NiCrMoV-12-3 was 
instead used.  The variation of thermal conductivity with temperature for this steel was 
calculated based upon thermal diffusivity data for 32-NiCrMoV-12-3 given in [9] and are 
plotted in Figure 17. 

The coefficient of thermal conductivity will likely vary with carbon concentration due to the 
change in martensite start and finish temperatures.  Carbon content dependency can be 
approximated by varying the inflection points in the curve of Figure 17 to correspond to the 
calculated Ms and Mf temperatures.  Since, however, increased carbon levels are found in 
such a restricted region near the surface of the gear, the variation of thermal conductivity 
with carbon content should not affect model predictions, and therefore was not accounted for 
in the model. 

STRESS-STRAIN BEHAVIOR 

Uniaxial stress-strain curves provide the data needed to formulate the constitutive relations 
discussed earlier.  These curves must be determined for the temperatures corresponding to the 
various heat-treating steps, including: carburization, austenitizing, quenching and tempering. 
Data must also be obtained for a range of carburization levels that represents the gradient 
from the surface to the core of the gear. 
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Experiments 

Uniaxial tensile tests were conducted with cylindrical specimens, threaded at the ends with a 
0.125 inch (3.2 mm) diameter, 2 inch (50.8 mm) long gage section. Four lots of specimens 
were tested, three of these having been through-carburized to the levels shown in Table 2; 
this table also lists the martensite start and finish temperatures for later reference. 

TABLE 2.  TENSILE SPECIMEN CARBURIZATION LEVELS 

Lot Carbon Level (wt %) MS(C) Mf(C) 

U 
X 
Y 
Z 

0.10 (uncarburized) 
0.35 
0.60 
0.85 

430 
280 
200 
130 

230 
20 

<20 
<20 

Test temperatures were chosen to provide approximately one test each at the carburization, 
austenitizing and tempering temperatures, the latter being applied after the specimen had been 
quenched to room temperature. Approximately three test temperatures were selected to 
correspond to each of the three quenching temperature ranges: austenitizing-to-martensite 
start; martensite start-to-martensite finish, and; martensite finish-to-room temperature. 
However, fewer test temperatures could be chosen for the latter range at the higher 
carburization levels because the martensite finish temperature is below room temperature. 

A thermocouple, used for monitoring and controlling temperature, was spot welded to the 
surface of each specimen at the midpoint of the gage section.  An induction coil was used to 
heat the specimens and quenching was achieved with an air blast directed at the gage section 
from two points. Specimens were first heated to 830 C (except for the 980 C tests) for 20 
minutes, were quenched to the test temperature of interest and then tested. This procedure 
provided the cooling rates needed to achieve the desired phase transformations, but it proved 
difficult to achieve steady temperatures below about 100 C after quenching. All tests were 
conducted in stroke control and an extensometer was used to record the displacement needed 
to calculate strain. The strain rate for these tests was on the order of lxlO"3 sec"1. 

Results 

The results of the stress-strain curve tests are presented here as plots of the 0.2% offset yield 
strength and the stress at a plastic strain of 2% both as a function of temperature; Figures 18 
and 19. These are the data used to form piece wise linear curves for the model constitutive 
equations. 

Figures 18 and 19 show that the curves coincide at temperatures above approximately 450 C; 
this is the temperature range in which the microstructure is austenitic for each of the 
carburization levels. Both the yield strength and stress at 2% plastic strain increase rapidly 
with decreasing temperature as the temperature drops below the martensite start temperature 
for the particular carbon level. We also note that the strengths achieve greater values at the 
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lower temperatures for the higher carbon levels. Such a phenomenon is not observed for the 
highest carbon level because the martensite start temperature is relatively close to room 
temperature. A few of the 2% strain values at the low temperatures are missing because 
premature fracture occurred. 

Table 3 lists the strength values for the tests conducted at 150 C after the specimens were 
quenched to room temperature; this condition represents the tempering temperature. 

TABLE 3.  TENSILE DATA AT THE TEMPERING TEMPERATURE 

Lot Carbon Level (wt%) 0.2% Yield Strength Strength at ep=2% 
(MPa) (MPa) 

U 0.10 759 1214 
X 0.35 1197 1720 
Y 0.60 1753 * 

Z 0.85 * * 

* Premature fracture 

ELASTIC CONSTANTS 

Data from tensile tests do not provide an accurate measure of elastic constants.  Properties for 
the elastic modulus of the austenite and martensite phases were instead taken from the 
literature.  Data presented in [10] was curve-fit using the following form: 

E = En - cFTn , (29) 

where E0 is the value of Young's modulus at 0 C. Figure 20 shows the variation of E for the 
austenite and martensite phases used in the model.  These data were determined using the 
following parameter values: E0 (martensite) = 215,000 MPa; E0 (austenite) = 200,000. MPa; 
cE = -2.187 (both phases); n=1.6 (both phases). 

INCORPORATING MATERIAL PROPERTIES INTO THE MODEL 

The extensive set of material properties for 9310 during carburization, austenitization and 
quench, deep-freeze and temper described above must be incorporated into the finite element 
model. 

In most cases the data can be incorporated directly into the model as constants.  In other 
cases, where critical data are functions of model variables, particularly temperature and 
carbon content, data were incorporated by defining functional fits to measured values, using 
interpolation and extrapolation where required. 
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Phase transformation data 

A two-sided normal distribution function was used to fit the martensitic transformation data 
(Figure 12) using the transformation rate function P(0) given in equation 10: 

P(0) = VC^Ti)^ • exp[-1/2(0-0m)2] for 0 < 0m 

= kj^2n)a2 • exp[-1/2(0-0ra)
2] for 0 > 0m 

(30) 

where 0m is the mean temperature for transformation, Gl and o2 are standard deviations about 
either side of this mean, and ktr is a constant.  The fit to experimental data provided by 
equation (30) is also shown in Figure 21. While this fit is not ideal, the authors believe that 
it is better than that provided by the commonly used function P(0) = -ktrexp[-ktr0], which 
does not capture the shape of the curve for df/dT, especially near Ms. 

As indicated in Figure 15, the Ms and Mf temperatures are strong functions of carbon content. 
Within the structure of equation (10), this is expressed through the carbon content dependency 
of the parameters.  In the UMAT this dependency is assumed to be linear, i.e.: 

0 = 0O + ke(Cc-Cc0); 

<*i = <*io + ki(cc-cc,o); 

<*2 = °20 + k2(Cc-Cc,(>)- 

(3D 

(32) 

(33) 

The temperature dependence of Ol and a2 is required because the temperature difference 
between Ms and Mf becomes larger as Cc increases.  Values for 0O k0, G^, k1? a

20, and k2 

used in the UMAT are given in Table 4. 

TABLE 4. COEFFICIENTS USED TO FIT TRANSFORMATION PARAMETERS USING 
FUNCTIONAL FORM GIVEN IN EQUATIONS 31-33 

©o (°Q k0 °io <°9 ki (°Q <720 (°C) k2 (°C) 

380. -54000. 37.0 125.0 22.5 125.0 

Stress-strain data 

The stress-strain properties of each phase are strong functions of both temperature and carbon 
content.  Measured tensile data provide an estimate of the temperature-dependence of the 
yield stress of each phase as a function of temperature for each of four carbon levels.   These 
data were used to define a functional dependence for flow stress, Y, in terms of temperature 
T and carbon content Cc. 
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Based upon examination of tensile data, a bilinear stress-strain behavior was assumed for each 
phase. Data from the tensile tests were used to determine a functional form for both the yield 
stress, Y01, and the flow stress at 2 percent strain, Y02, for each of the phases.  These data 
curves were assumed to be linear with respect to both temperature and carbon content, with 
the general form: 

Y = Y0 + ClCc - c2T , (34) 

where Y0 represents the flow stress at 0 C and the baseline carbon content, 0.1 percent. In 
order to provide a good fit to the experimental data for austenite, the temperature-dependence 
of the flow stress curves was assumed to be bi-linear, with c2 smaller for temperatures greater 
than 600 C.  Data for 9310 incorporated into the UMAT are summarized in Table 5.  Note 
that Cj for the austenite phase is zero. 

TABLE 5. COEFFICIENTS USED IN MODEL TO FIT TENSILE DATA USING 
FUNCTIONAL FORM GIVEN IN EQUATION 34. 

phase Yoi 
(MPa) (MPa) (MPa/°C) 

Yo2 
(MPa) 

c12 
(MPa) 

c22 
(MPa/°C) 

martensite 705.5 112000. 0.24 880.0 280000. 0.24 

austenite (below 600 C) 492.0 0. 0.72 772.0 0. 1.17 

austenite (above 600 C) 116.1 0. 0.09 130.0 0. 0.10 

As noted in equation (17), values for flow stress at temperatures between Ms and Mf were 
determined using a rule of mixtures.  The experimental data are plotted together with the 
functional fit to the data for the four measured carbon levels.  A comparison of the 
experimental data at temperatures where mixed phase fractions exist (which were not used to 
determine the curve-fitting parameters) with the curve-fit data provides some verification of 
the goodness-of-fit for these data. A comparison of experimental data with the curve-fits, 
shown in Figure 22, demonstrates that these curve-fits are quite reasonable, especially in light 
of the difficulty in obtaining experimental data when mixed phase fractions are present. 

It should be noted that tensile data were not obtained for low temperatures following 
carburization.  Instead, data for martensite at low temperatures was used. While this 
incompleteness in data should be corrected in future work, it is most likely not a source of 
significant error in the calculations presented in this report, because at the lower temperatures 
where the transformation product is present, it is unlikely that significant plastic flow is 
occurring in this phase. 
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DETERMINATION OF SURFACE HEAT TRANSFER COEFFICIENTS 

The objective of this task was to measure the coefficients of surface heat transfer between the 
part and its surrounding environment as a function of surface temperature, for air, steel, 
quiescent oil and flowing oil. 

Heat transfer coefficients are needed to conduct the thermal part of the thermo-mechanical 
heat treat simulation analysis. In practice, the boundary conditions for a quenched gear 
include quiescent air — when the gear is transferred from the oven to the press, flowing oil, 
and metal-to-metal (gear-to-die) contact. 

The approach taken to determine heat transfer coefficients is very similar to that used by 
Price and Fletcher [6].  Internal temperature is measured near the surface of a part subjected 
to the quenching conditions of interest and an numerical analysis, based upon 1-D finite 
difference techniques, is used to deduce the surface heat transfer coefficient. 

The experimental methodology used to determine heat transfer coefficients evolved 
throughout this program as experience was gained. The data eventually applied used in the 
model for the rim/web gear blank was derived from a thick, disc specimen fabricated from 
commercially pure nickel. This material enabled us to maintain a smooth, scale-free surface 
on the specimen similar to the surface that exists in a copper-plated steel part without having 
to copper plate and use inert oven atmospheres.  Heat transfer coefficients are not material 
dependent [6]. 

Heat transfer coefficients used in the simulation of the flat disk experiment were derived from 
a set of experiments that were performed using the same experimental set-up that was used 
for the distortion experiments.  These data are shown, together with the fit to the data used in 
the model, in Figure 34.  Data are also reported here showing the effect of fast flowing oil on 
the heat transfer coefficients, even though analysis eventually showed that quiescent oil 
conditions are most representative of the quench press environment.  These data were 
obtained from 9310 steel specimens that sometimes scaled.  Therefore, the absolute 
magnitude of the heat transfers coefficient are not considered representative of copper plated 
parts austenitized in inert atmospheres.  Nevertheless, the data are useful for revealing the 
dramatic effects of flowing vs. quiescent oil. 

EXPERIMENTS 

Two types of specimens were used in this investigation, as shown in Figure 23. Both are 0.6 
inches thick, with a 0.065 inch hole drilled in the center to within 0.040 inches of one 
surface; a thermocouple was spot welded to the bottom of this hole. The small cylindrical 
specimen, which was 0.5 inches in diameter and made of 9310 steel, included a flange for 
purposes of attachment to the quench fixtures. This smaller-diameter specimen was used 
primarily to determine the effects of flowing oil on the surface heat transfer coefficient, H. 
Larger disc specimens, 6 inches in diameter and made from 9310 steel were used for 
quiescent oil, stirred oil, and metal-to-metal contact conditions.  As noted above, a pure 
nickel specimen of the same geometry was also used to determine H, but only for quiescent 
conditions. 
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Type K thermocouples, with 0.015 inch wire diameter, were used to measure internal metal 
temperature. The bare wires were insulated from each other with a ceramic cement before 
spot welding the junction bead to the bottom of the hole. The thermocouple leads were then 
attached to the specimen with a stress relief strap. 

The general test procedure in all cases involved the heating of the specimen to 830-850 C and 
then holding for approximately 20 minutes. The quench oil, 'SUPERQUENCH', was heated 
to 60 C in all cases except one in which the oil was maintained at room temperature. 

Quiescent air/oil tests 

In these tests, the small, cylindrical specimen was removed from the oven and either allowed 
to sit in still, room temperature air or was submersed in oil at room temperature or 60 C. 

Flowing oil 

Two types of flowing oil tests were conducted: one in which the oil flow was parallel to the 
flat surface of the cylindrical specimen and one in which the oil impinged normal to this flat 
surface. The velocity of the oil in both cases was approximately 8 m/sec. Sketches of the 
fixtures used for these tests are shown in Figures 24 and 25. 

Metal-to-Metal Contact 

The test fixture used to conduct the metal-to-metal contact test is shown in Figure 26. One 
side of the disc contacts the end of a 0.75 inch diameter rod that is cooled by flowing water 
which, for this test, was maintained at 60 C. A load of 300 kg was applied to the opposite 
surface of the disc to create an average contact pressure of 12 MPa. 

The cooling curves for each of these tests is shown in Figure 27. The curves in this figure 
were translated with respect to time so that they all intersected at a temperature of about 800 
C. In this way, the relative cooling rates can be compared between the various boundary 
conditions. The figure shows that there is little apparent difference in cooling rates between 
quiescent and flowing conditions for this rapid quench oil. However, as shown below, there 
is a significant difference with respect to heat transfer coefficient. 

NUMERICAL APPROACH 

A computer program was written to calculate the surface heat transfer coefficient, H, from the 
temperature-time data described above. The algorithm for this program, which is described in 
the paper by Price and Fletcher [6], utilizes an iterative approach. The first approximation of 
H at a particular time (and surface temperature) is obtained by assuming that heat transfer 
occurs under isothermal conditions. The value of H so obtained is then used to calculate the 
near-surface temperature distribution by means of forward, finite differences. Use is then 
made of the difference between the calculated and measured temperatures at the location of 
the thermocouple to derive the next approximation to H for that time (and surface 
temperature). The process is continued until the difference between successively calculated H 
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Thermocouple 

Hat Specimen 

*♦ * 
Flow 

Figure 24.      Fixture used to measure the surface heat transfer between 9310 steel 
and flowing oil impinging the specimen surface. 
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Thermocouple 

Hat Specimen 

Ceramic Sleeve 

■**  Oil Flow 

Figure 25.      Fixture used to measure the surface heat transfer between 9310 steel 
and oil flowing parallel to the specimen surface. 
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Load 

i 

Water at 60°c 

Figure 26.      Test fixture used to conduct the metal-to-metal contact test. 
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values is sufficiently small. The entire process is then repeated for the next time (and surface 
temperature) step. 

The computer program requires a knowledge of the thermal conductivity, heat capacity and 
thermal diffusivity. Although these physical properties vary with temperature for the 
specimen materials, we used the constant values shown in Table 6.  This approach was taken 
to simplify the analysis, and because these constants do not vary greatly over the critical 
temperature range. Analysis performed subsequent to the determination of heat transfer 
coefficients shows that incorporation of the variation in properties with temperature changes 
the peak value H by only about six percent, which is not large when measured against the 
variability of the experiments. 

TABLE 6.  THE PHYSICAL PROPERTIES USED IN THE CALCULATION 
OF SURFACE HEAT TRANSFER COEFFICIENTS 

Property 9310 steel specimen nickel specimen 

Thermal Conductivity (W/m K) 25. 77. 

Specific Heat J/kg K 600. 456. 

Density (kg) 8000. 8890. 

Results 

Figure 28 shows the calculated curves of surface heat transfer coefficient as a function of 
surface temperature that were determined, using the 9310 steel specimen, for each the 
boundary conditions tested.  Also included in this figure is the calculated curve determined 
for quiescent conditions determined using the Nickel specimen. 

The curves for both quiescent and flowing oil quench tests, that were performed using the 
9310 steel specimen, show the common characteristic that H reaches a maximum of 5000 
W/m2 K at approximately 450-480 C.  In addition, the calculated H values above this 
temperature appear to be about the same for all of the oil conditions. (We believe that the 
differences observed are due primarily to time required to transfer the specimens into the 
flowing oil fixture.  It was not possible to control this time accurately.) On the other hand, 
significant differences in H are observed below 400 C, and this is most likely because the 
flowing oil is more effective at carrying heat away from the surface in the quiescent heat 
transfer temperature regime.  Of the four quenching conditions, the perpendicular flowing oil 
yields the highest values of H at these lower temperatures. We note that the quench in the hot 
quiescent oil yields a lower heat transfer coefficient than the quench in the room temperature 
oil at the lower temperatures. 

Calculated values of H for quiescent air and metal-to-metal contact are considerably lower 
than for oil. The value of H for quiescent air is approximately 200 W/m2K, while for the 
metal-to-metal contact, H reaches a peak value of 550 W/m2K, but decreases at temperatures 
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less than about 530 C to values less than that for quiescent air. (Values for metal-to-metal 
contact at temperatures lower than 530 C were not determined, because the data acquisition 
system stopped recording data when the temperature reached this value.) 

Calculated values of H for the nickel specimen in quiescent oil are somewhat less than those 
for the 9310 specimen. H reaches a peak of a about 4200 W/m2K at 550 C. The temperature 
region of high H appears to be smaller, as well. 
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EVALUATION OF THE MODEL THROUGH APPLICATION 

TO A CARBURIZED FLAT DISK 

Initial validation of the finite element model was accomplished through its application to the 
free-quench of a flat disk.  Two sets of controlled experiments were run to provide a basis for 
assessment of the model's predictive capabilities. 

In the first experiment, a total of five disks were heat treated.  Three of these were carburized 
on one surface of the disk in order to promote distortion.  The remaining two disks were 
subjected to the carburization thermal cycle, but were completely masked so that no carbon 
diffused into them. Each of the disks was then austenitized and free-quenched in stirred oil. 
Measurements of distortion were made at several points on the disk after each step.  In the 
second set of experiments, the sensitivity of model predictions to variations in process 
variables was evaluated using in a statistically-designed matrix of eight heat treatments. 
These disks were processed through the temper operation.  The finite element model was used 
to predict distortion for each of the experiments performed on the carburized disks.  Because 
the three carburized disks heat treated in the first experiment are nominally the same as one 
of the cases studied in the eight-disk parameter study, model results are presented here only 
for the latter set of experiments. 

EXPERIMENTAL PROCEDURE 

A schematic of the disk is shown in Figure 29.  It is 6 inches (152 mm) in diameter and 0.15 
inches (3.81 mm) thick.  The disks were machined to a tolerance of ±0.001 inches from a 
six-inch diameter by 10 inch long solid cylinder of 9310 steel.  The thickness of the disk was 
chosen to reduce dimensional stability and promote distortion.  The 0.15 inch disk thickness 
is also equal to the thickness of the web in the gear blanks investigated and reported later in 
this report. A 0.25 inch (6.3 mm) hole was drilled into the middle of the disk for fixturing 
during quench. 

A baseline set of dimensional measurements was made for each of the disks using a dial 
gauge indicator; relatively large distortions, >0.010 inches, were anticipated. A fixture was 
made for the indicator to ensure that the disk was held in a stable position during 
measurement.  Measurements were made at four radial positions: 0.25 in (6.3 mm), 1.125 in 
(28.6 mm), 2.0 in (51 mm), and 2.875 in (73 mm). Measurements were taken at three 
circumferential positions: 0°, 120°, and 240°. A total of twelve measurements were made on 
each of the disks at each stage of the process. 

The disks that were to be carburized were then masked using copper electroplate of 
approximately 0.001 inches in thickness. 
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In order to assess the effect of the copper plating on dimensional measurements, the disks 
were then re-measured.  Results from this procedure indicated that copper plating changed the 
disk flatness by no more than a 0.0002 inches.  Subsequent measurements were made on as- 
plated specimens. 

The disks were then sent to Klock. Each of the disks was heated in a carbon rich atmosphere 
to 927 C and held at this temperature for a period of three hours. The carbon potential, Cp, 
was set at 0.10. 

Dimensional measurements were again performed on the carburized disks.  The copper 
plating was then stripped off, and new plating was applied to the disks in preparation for 
austenitization and quench. 

The disks were austenitized and quenched (one-at-a-time) in an Arthur D. Little laboratory. 
The disks were austenitized in a furnace at 830 C for a period of twenty minutes. 
Unfortunately, the furnace was not equipped with an inert atmosphere. As a result, there was 
occasional scaling of the copper plate during the quench process.  This likely resulted in some 
circumferential variability in distortion, but had only a minor effect on average distortion. 

Each disk was removed from the furnace using a thin rod that fit through the central hole.  It 
was then quickly transferred to a fixture above the quench tank and lowered into the 
quenchant. Each disk was held so that it entered the quenchant edge-first. 

Upon removal of the first few of the disks from the quenchant, some peeling of the copper 
plating was noticeable.  This was clearly the result of the lack of an inert atmosphere in the 
furnace used for the experiments.  It does not appear that such peeling had a significant 
adverse effect on the results.  The introduction of a sacrificial piece of carbon into the 
furnace alleviated this problem to a certain extent. 

Another set of dimensional measurements was made following quench for the five disks used 
in the first set of experiments. 

The eight disks used in the parameter study were subsequently put through the deep-freeze 
and temper operations. The disks were deep-frozen to a temperature of -72 C and held for a 
period of 2 hours in order to promote further transformation of retained austenite. Finally, 
the disks were tempered in an oven at a temperature of 150 C for 2 hours.  Additional 
dimensional measurements were made after each of these final processing steps. 

A total of four process variables were selected for the experimental study: 

1. Carburization temperature (927 C/954 C). 
2. Austenitization temperature (830 C/900 C). 
3. Quenchant temperature (24 C/78 C). 
4. Presence or absence of quenchant agitation. 

A fifth variable, distortion due to prior processes, was selected for study using the model 
only. 
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Using a statistical design of experiments approach, eight sets of experimental process variable 
combinations were determined; an additional four sets of data were selected for analysis only 
to determine the effects of a fifth variable, distortion due to prior processes (see Table 7). 

TABLE 7.  PARAMETER COMBINATIONS FOR THE 
STATISTICALLY-DESIGNED EXPERIMENTAL STUDY 

Test Carburization 
Temperature (°C) 

Quenchant Oil 
Temperature (°C) 

Austenitization 
Temperature (°C) 

Oil 
Agitation? 

D6. 927 78 900 Yes 
D7. 927 24 830 No 
D8. 927 78 830 No 
D9. 927 24 900 Yes 
Dll. 944 78 830 Yes 
D12. 944 24 900 No 
D13. 944 78 900 No 
D14. 944 24 830 Yes 

EXPERIMENTAL RESULTS 

Preliminary Experiments 

Measured distortion after carburization and quench for one of the two uncarburized disks 
(D5) and one of the three carburized disks (Dl) are shown in Figures 30 and 31.  Distortion 
patterns for the other disks were similar.  As the figures illustrate, the non-carburized 
specimens (D4 and D5) distorted relatively little (less than 0.005 inches) during both the 
carburization and quench steps.  The carburized specimens, however, distorted a great deal 
more — up to approximately 0.080 inches, due to the gradient in carbon through the 
thickness of the disk. 

The average distortion at the edge of the disk for each of the three carburized tests is 
summarized in Table 8. As indicated in this table, the distortion following carburization was 
quite uniform, both around the disk and from disk-to-disk.  In marked contrast, the distortion 
following quench was much more varied. Each of the carburized disks had a tendency to 
'potato chip', indicating the presence of a significant amount of variation around the disk. 
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TABLE 8.    MEASUREMENTS OF DISTORTION AFTER CARBURIZATION AND 
QUENCH FOR EACH OF THE THREE CARBURIZED DISKS 

Average Edge Displacement (10"3 in) 

Stage Specimen 0° 120° 240° Average Std. dev. 

after carb. Dl 44.0 40.0 45.0 43.0 2.6 

D2 47.0 48.0 40.0 45.0 4.4 

D3 50.0 48.0 42.0 46.7 4.2 

all meas. 44.9 3.6 

after quench Dl 22.0 18.0 24.0 21.3 3.1 

D2 78.0 63.0 59.0 66.7 10.0 

D3 55.0 55.0 40.0 46.7 4.2 

all meas. 46.0 21.0 

Parameter Study 

The results of the distortion measurements for the parameter study are summarized in Table 9 
below and depicted graphically in Figure 32. (In order to more clearly show the data, this 
figure contains four graphs, each displaying the results from one test in which Taust=830 C 
and one test in which Taust=900 C.) 

TABLE 9.  MEASUREMENTS OF DISTORTION FOR EACH OF THE EIGHT 
EXPERIMENTS OF THE PARAMETER STUDY 

Test Conditions Average Edge Displacement (103in) 

Test T carb Ton T aust Agit? Before 
Carb 

After 
Carb 

After 
Quench 

After 
Freeze 

After 
Temper 

D6 927 24 900 No -0.3 39.2 -19.8 -25.5 -18.7 

D7 927 24 830 Yes -3.2 37.2 34.0 31.3 41.0 

D8 927 78 830 No -1.0 37.7 36.6 23.5 35.2 

D9 927 78 900 Yes 1.0 42.0 -37.6 -42.6 -35.2 

D10 944 24 830 No 3.0 39.3 28.7 14.0 31.7 

Dll 944 24 900 Yes 3.5 43.7 -30.7 -32.8 -21.8 

D12 944 78 900 No 1.0 43.7 -39.8 -50.6 -41.4 

D13 944 78 830 Yes 0.0 46.0 9.8 0.9 13.3 
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The results given in Table 9 and pictured in Figure 32 are consistent in that, in each test, the 
edge of the disk: 

• moved toward the carburized side of the disk after carburization; 
• moved away from the carburized side of the disk after quench; 
• moved away from the carburized side of the disk after deep-freeze; 
• moved back toward the carburized side of the disk after temper. 

One surprising result was that increasing the austenitization temperature from 830 C to 900 C 
altered post-quench distortion dramatically, as is evident in both Table 9 and Figure 32. In 
fact, increasing the austenitization temperature completely reversed the direction of post- 
quench distortion. 

A statistical analysis of the data was performed at Arthur D. Little and reveals that: 

• Carburization distortion is significantly dependent upon the carburization temperature; 
• Quench distortion is strongly dependent upon the austenitization temperature. 

Unfortunately, the strong dependence of quench distortion on austenitization temperature 
makes it difficult to assess the significance of the other parameters. Nevertheless, statistical 
analysis revealed that quench distortion is weakly dependent upon carburization and oil 
temperatures, but not significantly dependent upon agitation. 

FINITE ELEMENT MODEL 

The finite element model used for simulation of the disk carburization and quench 
experiments is shown in Figure 33.  The axisymmetric model used 402 elements.  Element 
spacing was biased in order to concentrate more elements near the upper and lower surfaces 
of the disk in order to capture the temperature and carbon gradients 

As noted in section describing our surface heat transfer measurements, prior to running the 
model, additional surface heat transfer measurements were made using the same oil agitation 
conditions that were used for the experiments.  A smooth curve was fit through these data 
(Figure 34) and input into the FILM subroutine of the model. 

A simulation of carbon diffusion was performed first.  The carbon profile generated by the 
model was compared with direct measurements of the carbon profile made using the Liko 
method at Dirats laboratories and also compared with a second set of data for percent carbon 
inferred from hardness measurements.  Initial calculations did not produce good agreement 
with the experimental data. The carbon diffusivity constants taken from the literature (see 
equation 28) were then modified until the agreement was satisfactory. Figure 35 shows a 
comparison of the final model prediction for the baseline carbon level compared with the 
directly- and indirectly-measured carbon profiles.  This agreement was made using a carbon 
diffusivity constant Dc=2.8 x 10"7 cm2/s. 

It is clear from Figure 35 that indirectly measured carbon gradients are not accurate very near 
the surface. This is due to the fact that there is considerable retained austenite at the surface, 
which lowers hardness. 
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Figure 33.      Finite element mesh used to model the heat treatment of the rim/web gear 
blank. 
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The heat treat processes were modelled in several steps by imposing an initial temperature 
and several intermediate temperature environments representing each process cycle.  A 
schematic showing the temperature history imposed for each process step is shown in Figure 
36. 

In order to illustrate a few features of the simulation of the carburization and quench 
processes, diagrams showing deformation and contours of temperature, phase fraction, and 
plastic strain are pictured in Figures 37 through 44 at several stages of each process. 

When first heated to the carburization temperature (Figure 37), the disk expands uniformly 
due to thermal expansion. When cooled below the bainite transformation start temperature 
(Figure 38), the uncarburized, lower portion of the disk expands, bending the disk upward. 
Further cooling (Figure 39) bends the disk further upward, as the bainite transformation of the 
lower, uncarburized region nears completion. At still lower temperatures (Figure 40), the 
carburized layer begins to transform, causing the disk to straighten out. At room temperature 
(Figure 41), there is still distortion upward, due to the untransformed upper surface layer, and 
plasticity that occurred at higher temperatures. 

When reheated to the austenitization temperature (Figure 42), much of the distortion due to 
carburization remains. When the temperature drops below the martensite start temperature of 
the uncarburized region (Figure 43), the disk again bends upward. When the disk cools to 
room temperature (Figure 44), there again is residual distortion due to the untransformed 
upper surface layer and plasticity.  In the subsequent deep-freeze operation (not shown), the 
disk bends further downward due to transformation of the thin, high carbon content layer at 
the top of the disk. Finally, during the temper operation, the disk bends slightly upward due 
to the negative volume change that occurs in the carburized region. 

Simulation of the carburization, quench, deep-freeze and temper steps were made for each of 
the eight parameter set combinations. For those cases for which the austenitization 
temperatures were raised to 900 C, initial calculations accounted for only the increased 
austenitization temperature, but not the effect that this temperature difference would have on 
material properties. These calculations did not capture the dramatic effect that the high 
austenitization temperature had on distortion during quench.  It became clear upon further 
examination of technical literature [11] that an increase of 70 C in the austenitization 
temperature would have a dramatic effect on material properties. In particular, the parameters 
governing transformation kinetics are strongly affected by such a change, including a dramatic 
decrease in the martensite start and finish temperatures. 

The effects of an increased austenitization temperature were introduced into the model based 
upon this literature review.   It should be noted that these data were not measured and cannot 
be considered to be nearly as accurate as those for the baseline austenitization temperature, 
830 C. 

Using the updated material parameters determined from the literature review, the four 
simulations for the high (900 C) austenitization temperature were repeated.  Model 
predictions of heat treat distortion for the eight cases are compared with experimental results 
in Table 10.    The data are depicted in graphical form in Figure 45. 
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TABLE 10.  COMPARISON BETWEEN MODEL AND EXPERIMENTAL PREDICTIONS 
FOR DISTORTION FOLLOWING CARBURIZATION, QUENCH, DEEP-FREEZE AND 

TEMPER OF THE CARBURIZED DISK SPECIMEN 

Test Conditions Average Edge Displacement (10 in) 

Test T Acarb 
Toil 

T ■"•aust 
Agit? 

Before 
Carb 

After Carb After Quench After Freeze After Temper 

Expt. Model Expt. Model Expt. Model Expt. Model 

D6 927 
24 

900 
No 

-0.3 39.2 36.4 -19.8 -33.1 -25.5 -46.8 -18.7 -36.2 

D7 927 
24 

830 
Yes 

-3.2 37.2 36.4 34.0 30.1 31.3 19.3 41.0 30.2 

D8 927 
78 

830 
No 

-1.0 37.7 36.4 36.6 28.9 23.5 12.0 35.2 23.5 

D9 927 
78 

900 
Yes 

1.0 42.0 36.4 -37.6 -30.0 -42.6 -45.6 -35.2 -35.6 

D10 944 
24 

830 
No 

3.0 39.3 45.7 28.7 28.7 14.0 15.2 31.7 26.2 

Dll 944 
24 

900 
Yes 

3.5 43.7 45.7 -30.7 -38.7 -32.8 -41.6 -21.8 -30.8 

D12 944 
78 

900 
No 

1.0 43.7 45.7 -39.8 -40.4 -50.6 -47.5 -41.4 -36.2 

D13 944 
78 

830 
Yes 

0.0 46.0 45.7 9.8 29.8 0.9 16.3 13.3 28.4 
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As is summarized in Table 11 below, from a statistical viewpoint, model and experiments are 
not in agreement in revealing significant parameters. 

TABLE ll.A COMPARISON BETWEEN MODEL AND EXPERIMENTALLY 
DETERMINED SIGNIFICANCE OF PROCESSING PARAMETERS 

ON DISTORTION AFTER QUENCH AND DEEP-FREEZE 

Significant? 

Experiments Model 

Parameter After Quench After Deep Freeze After Quench After Deep 
Freeze 

Carb. Temp. Y Y Y N 

Aust. Temp. Y Y Y Y 

Oil Temp. Y(?) Y N Y 

Agitation N N N Y 

In particular, the model does not predict the statistical significance of the effect of 
carburization temperature on distortion after deep freeze and the influence of oil temperature 
on distortion after quench. At the same time, the model predicts a significant effect of 
agitation on distortion after deep-freeze that is not observed experimentally.  This lack of 
agreement may be due to experimental set-up, rather than a deficiency in the model. Because 
of the large, unforeseen effect that the change in austenitization temperatures had on 
distortion during quench, the significance of the other parameters was overshadowed; this 
made it impossible to accurately assess their significance. A much better test design would 
have called for only a 10 C change in the austenitization temperature. 

This deficiency in the experimental design notwithstanding, model predictions of: 

• carburization deformation generally agree well with experiments and showed the 
significant effect of the carburization temperature; 

• distortion during quench, deep freeze and temper were also consistent in that the 
direction of distortion was predicted correctly for each test. 

As one might expect, model results are more consistent with averaged experimental data than 
with raw experimental data.  Also, it is again noted that the strong effect of austenitization 
temperature could not be predicted without making some assumptions regarding its effect on 
material properties. 

Overall, model predictions of distortion from carburization and quenching showed good 
agreement with experimental results: 
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• the direction of distortion is predicted correctly; 
• the magnitude of carburization distortion is predicted accurately; 
• the average of quench distortion values is also predicted well. 

There are some outstanding issues with respect to the flat carburized disk experiment that 
require further exploration, including: the effect of higher austenitizing temperatures on 
material properties; and an explanation for the differences between model and experimental 
determination of significant parameters (i.e., carburization and oil temperatures). 

As noted above, the experiments would likely have been more successful if: (1) a smaller 
change in the austenitization temperature had been used; and (2) a few more experiments to 
determine the effect of such a change on key material properties, namely tensile and 
transformation properties, were performed.  In addition, because the deformation due to 
carburizing the disk on one side are so large (up to 80 thousandths versus a few thousandths 
observed for typical gear quenches), even after carburization, more data for tensile and 
transformation properties associated with the carburization process would have been helpful. 
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APPLICATION OF THE MODEL TO A PRESS-QUENCHED GEAR BLANK 

In phase II, we applied the model to the heat treatment of a gear blank with a geometry based 
upon a Boeing CH-46 Hydraulic Pump Drive accessory gear, which was selected primarily 
because it satisfied two criteria: (1) it has a rim/web type configuration that met the 
guidelines that were determined early in the program for selection of a gear; and (2) the 
press-quench tooling for this gear was made available to the program. 

Gear blanks were heat treated at the Instrumented Factory (INFAC) for Gears Heat Treatment 
Center, in Chicago, IL, which is operated by the Illinois Institute of Technology Research 
Institute (IITRI). A number of gear blanks were processed through the carburization, press- 
quench, deep-freeze and temper steps at INFAC. Measurements of surface temperature 
histories, distortion, hardness profiles, and residual stresses were performed.  The model was 
then used to simulate each of these process steps. In this section, the experimental procedure 
and results are described, and the modelling results are presented and compared with 
measured data. 

EXPERIMENTAL PROCEDURE 

The Rim/Web gear. 

The rim/web gear blank is pictured schematically in Figure 46.  In order to keep the geometry 
simple, gear teeth were not machined into the blank prior to heat treating .  A simple 
geometry has several advantages:  model calculations are less computationally intensive; 
model predictions are easier to interpret;  variation in surface heat transfer coefficients are 
less severe.  The thickness of the web, 0.15 inches (3.81 mm), was chosen to be 
representative of a near net-shape dimension, i.e., one that requires minimum stock removal 
following heat treatment.   Current trends in helicopter gear manufacturing appears to be 
favoring such a near net-shape dimension approach, which is advantageous in that it 
eliminates much of the post-heat treat machining time and cost, but which is also one that is 
more dimensionally unstable and therefore more difficult to control. 

Processing Specifications 

The gear blanks were carburized in three locations, as indicated in Figure 46 — at the outside 
edge of the rim, where there would normally be teeth, and along journal bearing surfaces of 
the shaft, just above and below the rim. 

A total of four gear blanks were heat treated in this study. Each of these gear blanks (RW1, 
RW2, RW3 and RW4) was carburized.  Three of these (RW2, RW3 and RW4) were 
subsequently quenched and deep-frozen. Finally, two of the three hardened gears (RW3 and 
RW4) were tempered.  An additional gear blank was instrumented and heat treated through 
quench in order to generate surface temperature data for calibration of the simulation model. 
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The gear blanks were generally processed according to Sikorsky gear heat treatment 
specifications.  The processing steps spelled out in this specification include the following 
operations: 

• copper plating of all surfaces; 
carburization at 1700 F (927 C) in a 0.95 to 1.00 percent carbon endothermic 
gas for a time sufficient to produce the desired case depth (in this case 3 hours 
and 15 minutes for a case depth of 0.032 to 0.036 inches); 

• stripping of copper plating; 
• re-copper plating of entire gear blank; 

austenitization at 1525 F (829 C) for 1 hour per inch of cross-section; 
• quench in a Gleason 537 press with flowing oil at 80 F (26 C). 
• deep-freeze at -110 F (-79 C) for a minimum of one hour; 

tempering at 300 F (149 C) for 2 hours. 

The Quench Press 

A Gleason model 537 press was used to constrain the gears during quench. A schematic 
illustrating the tooling configuration is shown in Figure 47.  Prior to quench, the gear blank is 
placed onto a cylindrical die, with an outside diameter of about 6 inches (15.2 cm) and an 
inside diameter of about 1.5 inches (3.8 cm) (Figure 48).    The underside of the rim is 
supported on the top surface of this die component, while the shoulder of the lower part of 
the shaft is supported on a ledge which protrudes from the inside surface of the cylinder. 
Each of these die surfaces has a number of channels cut into them to allow oil flow.  The die 
has a number of radial holes which allow oil to flow from the outer reservoir into this central 
section and onto the surface of the lower part of the shaft and the underside of the web.    The 
top surface of the rim is constrained by another cylindrical piece which fits over it (see 
Figures 47 and 48).  This piece is connected at its top to a ram which applies downward 
pressure during quench.  Similarly, the top of the shaft is constrained with a small cylinder 
(expander) that is connected to a second, independently controlled ram. 

The lower die rests on a table that is free to slide in and out of the press. Following 
austenitization, the gear blank is first placed onto the lower die.  The table then slides back 
into the press, whereupon the upper die and expander are brought into contact with the part 
and the hydraulic pressure is applied.  The hydraulic pressures are adjusted so that the outer 
die applies a 6000 lb. force (26,400 N) to the outer die and a 500 lb force (2200 N) to the 
expander. For the contact area of these dies, this represents an applied constraining pressure 
of 18.3 MPa acting on the rim and 13.3 MPa acting on the shaft.  The capability exists for 
pulsing these pressures, which reduces friction caused by constant pressure and clamping of 
the component as it contracts during cooling.  A pulsing technique was not, however, used in 
these experiments. 

Once the gear blank has been placed into the die, and the table has slid back into the press, 
oil flow is turned on.  An initial oil flow rate of 620 gallons per minute is used for the first 
10 seconds in order to rapidly fill the reservoir and bring the temperature of the gear down 
through the transformation range as quickly as possible.  A much lower rate of 130 gallons 
per minute is used for the next minute in order to allow the temperature of the outer surface 
of the gear and of the core to equalize, with a minimum build-up of residual stresses. 
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Figure 48.       The lower die. 
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Finally, when the transformation is nearly complete, a faster rate of 370 gallons per minute is 
used for the next three minutes to rapidly bring the gear blank down to a temperature at 
which the operator can handle it. 

Measurements 

Surface Temperature Measurements A single gear was instrumented with eight 
thermocouples (TCI — TC8) for evaluation of surface temperature histories during quench. 
A schematic indicating thermocouple placement is shown in Figure 49. Six of the eight 
thermocouples were placed at the top and bottom surfaces of the web (three at the top surface 
and three near the bottom surface, each of the three placed 120 degrees apart). The remaining 
two thermocouples were placed near the outer surface of the shaft—one near the top of the 
gear blank and one near the bottom.  In each case the thermocouple was spot welded to the 
surface.  The instrumented gear is pictured in Figure 50.    It was first austenitized, and upon 
its removal from the furnace, the eight thermocouple leads were quickly connected to the data 
acquisition device. A trigger for recording temperature was set so that measurement 
commenced when one of the thermocouples first reached 1500°F. Temperatures were then 
recorded at a rate of 10 Hz during the quench process for a period of about 40 seconds. 

Dimensional Measurements Dimensional measurements were made at several locations on 
the surface of the gear blank using a coordinate measuring machine (CMM). Dimensional 
measurements were performed at the following stages of the heat treat process: 

prior to carburization; 
following carburization; 
following deep-freeze; 
following temper. 

A schematic indicating the measurement locations is shown in Figure 51.  Measurements 
were made at a total of 54 locations on the gear blank.  In addition, the thickness of the web 
and the length of the shaft were measured at six locations each using calipers. Five 
measurements of radial position were taken along the outer edge of the shaft and the rim 
(points 1, 2, 3, 8 and 9 in Figure 51). Four measurements of axial position were made along 
the underside of the web and the rim (points 4, 5, 6 and 7 in Figure 51). Each of the 
measurements were made with respect to a reference position indicated by a scribe mark 
placed on the top end of the shaft. 

Hardness Measurements Following the final processing step, the three gears that underwent 
hardening were subjected to hardness profile measurements at Arthur D. Little using a 
microhardness indenter.  These measurements were obtained in order to help determine the 
variation of carbon content under the surface of the rim.  These data were generated using a 
microhardness tester, with a 500 g indentation load; measurements of Knoop hardness were 
recorded and later converted to Rockwell C hardness.  A radial profile of data was obtained 
near the surface of the rim, with data collected every 0.005 inches to a depth of 0.040 inches. 
Hardness measurements were not made near the journal bearing surfaces. 
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Figure 50.       The instrumented gear. 
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Residual Stress Measurements Residual stress measurements were made using an x-ray 
diffraction technique for one of the gear blanks processed through the quench operation 
(RW2) and one of the gear blanks processed through temper operation (RW3).  For each of 
these two gear blanks, measurements of residual hoop stress were made at the center of the 
outside edge of the rim at three circumferential locations (0, 120 and 240 degrees). For the 
gear processed through deep-freeze, an additional four measurements of radial residual stress 
were made along one of the gear diameters—two of which were made about 0.1 inches out 
from the shaft and two of which were made about 0.1 inches in from the rim. 

EXPERIMENTAL RESULTS 

Surface Temperature Histories 

Surface temperature data, averaged for each thermocouple over up to six experiments, are 
plotted in Figure 52.  Not all thermocouples recorded data properly for each experiment.  The 
number of valid data sets for each of the thermocouples is indicated on the figure.  As is 
evident from Figure 52, the temperature varies considerably from point-to-point on the gear 
blank.  In particular, it appears that the temperature at the two locations on the shaft (TC 7 
and TC 8) cool-down faster than those on the web.  The fact that TC 8, which is located near 
the bottom of the shaft, cools down more quickly than the others is consistent with the fact 
that the oil level is rising from the bottom at a rate of approximately two inches (5 cm) per 
second.  The early drop in temperature at TC 7, which is near the top of the shaft, is more 
puzzling since the oil does not reach this point until about one second after it contacts the 
thermocouples on the web.  This rapid drop in temperature may, however, be due to a level 
of heat transfer from the top of the shaft to the expander that is more extensive than our 
experiments would lead us to believe.  It should be noted that TC 8 did not function properly 
for all of the tests — it produced usable data in only the first two of the six experiments. 

In order to more clearly distinguish differences between temperature histories on the top and 
bottom of the web, data from TC 1, TC 3, and TC 5 (bottom surface of the web) and data 
from TC 2, TC 4, and TC 6 (top surface of the web) were averaged over the first two runs 
(the only two in which all six thermocouples functioned properly).  These data are plotted in 
Figure 53. Although the two curves in this figure are close together, they indicate that the 
top surface of the disk is cooling faster than the bottom surface.  The maximum temperature 
difference between the two surfaces appears to be about 100 °C.  This difference in 
temperature is consistent with the fact that oil is able to rise freely away from the top surface 
of the web, but can get trapped on the underside of the web. 

Temperature recordings for each of the eight thermocouples are given in Appendix C. 
Inspection of data from the controlling thermocouple (TC 2) in Figure 54, reveals that the 
temperature can vary a few hundred °C from test-to-test. 
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Distortion 

Distortion measured after carburization, quench/deep-freeze and temper are summarized 
below. The complete set of measured distortion data is given in Appendix D along with 
calculated averages and standard deviations. 

Carburization distortion Average distortion following carburization for the four carburized 
gear blanks is given in Table 12 below and pictured in Figure 55. As evidenced from this 
data, carburization was minimal (typically less than 0.001 inches).  The large magnitude of 
the standard deviations relative to the averages suggests that this data contains little 
deterministic information and instead reflects mostly stochastic variation.  Only the change in 
length of the gear blank appears to be statistically significant. 

TABLE 12. AVERAGE DISTORTION FOLLOWING CARBURIZATION 

measurement location average distortion 
(lO"3 in) 

standard deviation 
(10'3 in) 

1. 0.6 0.3 

2. 0.3 0.4 

3. 0.8 0.6 

4. 0.3 0.5 

5. 0.3 0.5 

6. 0.2 0.4 

7. 0.1 0.3 

8. 0.3 0.4 

9. 0.4 0.4 

shaft length 1.7 0.3 

web thickness 0.2 0.3 

Quench/deep-freeze/temper distortion   For gear blanks RW2, RW3 and RW4, distortion was 
measured again after the final processing step (deep-freeze for RW2, temper for RW3 and 
RW4). For each of these gears, it is highly likely that most, if not all, of the distortion 
occurred during the quench operation, because the temperatures associated with deep-freeze 
and temper are too low to produce significant plastic deformation, and because the volume 
changes associated with further martensitic transformation (deep-freeze) and formation of 
carbides (temper) are limited to a very small region (the carburized zone).  Average distortion 
measured after deep-freeze/temper is given in Table 13 and is depicted 
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graphically in Figure 56.  Distortion measured following these process steps was more 
substantial than that measured following carburization.  The standard deviations for these 
distortion measurements were also quite large.  This can be attributed to the large 
circumferential variation in the distortion pattern. Figure 57 shows distortion following deep- 
freeze at each of the six measurements angles for gear blank RW2.  As this figure shows, for 
some angles the web is bent upward following deep-freeze, and for other angles the web is 
bent downward. 

TABLE 13. AVERAGE DISTORTION FOLLOWING DEEP-FREEZE 

measurement location average distortion 
(10"3 inches) 

standard deviation 
(10"3 inches) 

1. 0.2 0.2 

2. 0.6 0.4 

3. 3.9 1.1 

4. 4.3 5.6 

5. -1.3 6.0 

6. -1.0 3.4 

7. -0.3 1.0 

8. 0.1 0.7 

9. 0.0 0.9 

shaft length 0.4 0.7 

web thickness 0.9 0.9 

An explanation for this unusually large variation in axial displacement was gained by means 
of examining the heat treated gear blank. As is shown in Figure 58, there is a clear pattern 
of indentations on the shoulder on which the shaft was supported during quench.  These 
indentations were most pronounced at one angle of orientation, and became progressively 
smaller moving from this angle around the disk; they were not visible at all on the opposite 
side of the disk.  Such a pattern is clearly indicative of an irregularity in the support of the 
gear blank during quench.  Subsequent discussions with IITRI indicate that there were 
problems with the pressure control of the inner ram that led to axial load magnitudes that 
were much greater than the desired values; these high axial loads were almost certainly the 
source of the indentation problem. 
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lm&\ 

Figure 58.      Indentation pattern along support shoulder of lower part of shaft 
following quench. 
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It should be noted that, for each gear blank, the angle with the most indentation corresponds 
to the angle with the greatest positive web distortion.  These positive web distortion values 
are consistent with the tendency for the tilting of the shaft to force the web to move closer to 
the top of the shaft. 

Hardness Measurements Hardness measurements, shown in Figure 59, demonstrate consistent 
carbon diffusion patterns.   They indicate that a case depth of approximately 0.038 inches was 
achieved (versus a target of 0.032 to 0.036 inches).  These data also show that the hardness 
did not change appreciably during the tempering operation.  This is consistent with the use of 
a relatively low tempering temperature of 150 C. 

Residual Stress Measurements Residual stress data are summarized in Table 14. 
Circumferential residual stress measured after deep-freeze for RW2 is about -36 ksi (-250 
MPa) and varies little around the disk.    The fact that these data are compressive is consistent 
with the high level of carbon at the surface of the disk.  Circumferential residual stress   ' 
measured after temper vary a little more — from -24.6 ksi (-170 MPa) at 120° to 
-29.3 ksi (-200 Mpa) at 0°.  The lower magnitude of the residual stresses after temper are 
consistent with the negative volume change associated with carbon coming out of solution to 
form carbides. 

Radial residual stress along a diameter across the web vary from +17.5 ksi (120 MPa) to 
+30.9 ksi (210 MPa).  These stresses arise from the thermal strains associated with the steep 
gradients in temperature that occur during the early stages of quench; they are likely made 
more severe by the difference in heat transfer coefficients between the top and bottom of the 
web.  It is not clear at this juncture whether the variation in the magnitude of these stresses is 
significant. 

A complete report regarding residual stress measurements provided by Lambda Research is 
given as Appendix E. 
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TABLE 14.  DATA FROM RESIDUAL STRESS MEASUREMENTS 

Specimen Direction Location Residual Stress — 
ksi (MPa) 

RW2 Circ. Rim, 0° -36.0 (-248) 

Ore. Rim, 120° -36.6 (-252) 

Circ. Rim, 240° -35.0 (-245) 

Radial Web, 0° (rim edge) 30.9 (216) 

Radial Web, 0° (hub edge) 23.5 (165) 

Radial Web, 180° (hub edge) 17.5 (1203) 

Radial Web, 180° (rim edge) 22.8 (160) 

RW3 Circ. Rim, 0° -29.3 (-205) 

Circ. Rim, 120° -24.6 (-172) 

Circ. Rim, 240° -25.4 (-180) 

MODEL DESCRIPTION 

Finite element model 

The finite element discretization of the gear blank is illustrated in Figure 60. The model is 
axisymmetric, and utilizes 402, 4-noded type CAX4T elements. Mesh spacing is biased so 
that more elements are concentrated near the carburized surfaces. 

Modelling procedure 

The procedure used to simulate the heat treat operations is illustrated in the flow chart shown 
in Figure 61.  The carbon diffusion model was first used to determine the carbon distribution 
following carburization. The carbon profiles from the diffusion model were then fed into the 
thermomechanical model as a predefined variable.  The carburization process was simulated 
by imposing a temperature of 927 C to the environment surrounding the part (the bath 
temperature) and surface heat transfer coefficients associated with air.  At temperature, the 
carbon profile was incorporated into the model and the gear blank was cooled-down by 
imposing a bath temperature of 20 C. 

The carbon profile and deformed geometry were then passed into a second thermomechanical 
model for simulation of quench, deep-freeze and temper. Residual stresses which developed 
during carburization were not saved, as it was assumed that these were relieved during the 
austenitization process.  The quench process was simulated by first slowly heating up to the 
austenitization temperature, 830 C, and then applying the constraining pressures from the two 
rams.  Quench was then simulated by imposing surface heat transfer characteristics of first 
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Next the gear was cooled down to -72 C and then heated back up to room temperature. 
Finally, the gear was heated up to the tempering temperature of 150 C, at which point the 
negative volume change associated with formation of carbides was simulated.  The gear blank 
was then cooled back down to 20 C. 

The surface heat transfer boundary conditions used for all of the heat-up and cool-down steps 
except quench were those determined for air (see Figure 28). For the quench step, the heat 
transfer conditions are more complex.  As noted earlier, oil fills up the quench press reservoir 
at an initial rate of 620 gallons per second.  Based upon the area of the reservoir, this rate 
translates to an upward linear velocity of 4.6 cm/sec. The gear blank is assumed to be 
initially surrounded by air for a period of at least 15 seconds, a time that was chosen, based 
upon measured temperature data, to represent that needed for transfer of the part from the 
furnace to the press.  Then, each point on the gear blank experiences an additional time delay 
before contacting the oil based upon its axial position and this calculated oil velocity. The 
applied surface heat transfer coefficients are calculated accordingly. In this manner, the 
bottom part of the shaft begins to cool first, then the web and rim, and finally the upper part 
of the shaft. 

To add to the complexity of the surface heat transfer conditions, locations on the gear die 
directly in contact with the die do not see the heat transfer coefficients associated with 
contact with oil.  Since the model is axisymmetric, it is not able to differentiate between the 
different heat transfer conditions for each of these two distinct regions.  Instead, a rule of 
mixtures approach is used to calculate an effective heat transfer coefficient for these 
locations, which is based upon the relative area of the contact pads to the flow channels.  The 
ratio of contact area to flow channel area for this die configuration were calculated to be: 

0.75 for the lower shaft shoulder/lower die contact region (axial); 
0.68 for the lower shaft journal bearing/lower die contact region (radial); 
0.53 for the rim/lower die contact region (axial); 
0.51 for the rim/upper die contact region (axial). 

Finally, as demonstrated earlier, the measured temperature histories show that the upper side 
of the web cools faster than the underside of the web, presumably because the oil flow 
stagnates under the web.  This was accounted for by reducing the heat transfer coefficient 
along the underside of the web by a factor that produced' a temperature history difference 
between the two sides that matched experimental data. 

For all of the analyses, the gear was constrained axially along the shoulder on the lower part 
of the shaft (the same shoulder, shown in Figure 58, that experienced excessive deformation 
due to irregular die pressure). For the quench analysis, the inner ram pressure was applied to 
the top of the shaft and reacted at this shoulder.   The pressure from the outer ram was 
applied to the upper part of the rim and equilibrated with an equal and opposite pressure 
applied to the bottom part of the rim.  The rim was not constrained radially — early analysis 
efforts with the rim constrained radially predicted far too much radial growth of the rim. It is 
likely the conditions in the actual press quench are somewhere in between no constraint and 
complete radial constraint of the rim, i.e., some sort of frictional contact.  It was felt that such 
contact conditions would be too difficult to determine and to model at this time. 
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MODELING RESULTS 

Carbon Diffusion Model 

Several iterations of the carbon diffusion model were first carried out.  As before, the 
diffusion coefficient was adjusted so that the model prediction of the carbon gradient in the 
carburized zones was as accurate as possible. For this analysis, the choice of 
Dc = 3.8 x 10"7 cm2/sec yielded the best fit to data.  Contours of calculated carbon content 
are plotted in Figure 62 and illustrate the steep gradients of carbon for the three carburized 
zones. Figure 63 shows a comparison between the calculated carbon content and that inferred 
from hardness measurements.  It should be noted that the correspondence between these data 
is valid only up to carbon levels of about 0.4%. Above this level, the inferred carbon levels 
lose accuracy because of retained austenite.  The fit at the lower carbon levels was used to 
determine the optimal diffusion coefficient. 

Carburization Model 

The thermomechanical model for carburization predicts little distortion, just as was seen in 
the experiments.  A comparison of predicted carburization deformation with average measured 
distortion is depicted in Figure 64 and listed in Table 15. Model predictions are generally 
consistent with measurements for radial growth of the rim and change in length of the shaft, 
especially considering the small magnitude of these distortions.  The model predicts, however, 
that the web bends down by 0.0001 inches, whereas the measurements show the web bending 
up by 0.0005 inches.  This discrepancy is not alarming, again considering the large variation 
in measured distortion.  In fact, as is evident in Table 15, the model prediction of axial web 
distortion is well within the bounds defined by ± one standard deviation. 
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TABLE 15.  COMPARISON OF MODEL CALCULATED DISTORTION FOLLOWING 
CARBURIZATION WITH AVERAGED MEASURED VALUES 

measurement 
location 

average measured distortion — 
10"3 inches (standard deviation) 

calculated distortion 
(10"3 inches) 

1. 0.6 (0.3) 0.2 

2. 0.3 (0.4) 0.3 

3. 0.8 (0.6) 0.4 

4. 0.3 (0.5) -0.4 

5. 0.3 (0.5) -0.1 

6. 0.2 (0.4) 0.1 

7. 0.1 (0.3) 0.1 

8. 0.3 (0.4) 0.1 

9. 0.4 (0.4) 0.2 

shaft length 1.7 (0.3) 1.8 

web thickness 0.2 (0.3) 0.3 

Quench model 

The quench model is the one that has received the most attention in the research project.  In 
order to illustrate how the simulation provides insight into the thermomechanics of the quench 
process, a series of contour plots are plotted in Figures 65 through 72.  These figures show 
how the key variables temperature (T) and martensite volume fraction (f) evolve throughout 
the course of the quench simulation. 

In Figure 65, contours of T and f are shown at t=7.2 seconds.  At this time, the gear 
blank has not been completely transferred to the quench press; the heat transfer 
medium is air and, as such, the surface heat transfer coefficient is low.  The gear 
blank shows a temperature profile indicative of slow cooling — the thicker parts of 
the gear blank (the rim and the intersection of the web with the shaft) are about 40 C 
hotter than the ends of the shaft and the center of the web.  Since the lowest 
temperature is still above the martensite start temperature, none of the austenite has 
transformed. 
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Figure 66 shows these same variables at a later time, t=15.6 seconds.  At this time the 
oil has just begun to contact the lower part of the gear blank.  The temperature in this 
region has quickly dropped to 505 C while the temperature of center of the rim and 
the web/shaft intersection is still at about 750 C.  No martensite has yet formed. 

At t=17.1 seconds (Figure 67), the temperature of the lower end of the shaft has 
dropped to 340 C, while the temperature at the center of the rim is still 727 C. The 
Ms temperature is 440 C for the baseline 9310 material, so martensite has begun to 
form rapidly (80 percent in 1.6 seconds!) at the lower tip of the shaft. 

At t=19.2 seconds (Figure 68), the oil has completely covered the gear blank.  The 
temperature of a much greater portion of the lower end of the shaft has decreased 
below the martensite start temperature, as has the web and the upper tip of the shaft. 
Much more martensite has formed in these regions. Note that more martensite has 
formed near the top surface of the web than near the bottom surface.  This is because 
the heat transfer coefficient is higher here.  (Recall that the heat transfer coefficient 
along the lower end of the web was reduced to account for the stagnation of oil flow.) 

At t=20.9 seconds (Figure 69), the temperature has dropped below the martensite start 
temperature everywhere except at the center of the thicker parts of the gear blank. 
Martensite has formed in most of these regions.  In the carburized regions, however, 
very little martensite has formed, due to the suppression of the transformation 
temperatures that is associated with high carbon content. 

At t=23.7 seconds (Figure 70), as the temperature continues to cool down in a manner 
consistent with the thickness of various regions of the gear blank, the transformation 
continues to encompass more and more of the gear blank except in those regions 
where high carbon levels are present. 

At t=28.2 seconds (Figure 71), T is everywhere below the martensite finish 
temperature for the baseline 9310 material, and the transformation to martensite is 
complete except in the carburized zone, where the transformation propagates through 
progressively higher carbon levels, reducing the size of the untransformed zone. 

Finally, at t=38.0 seconds (Figure 72), the temperature is approaching the oil 
temperature of 43 C everywhere except in the rim, where is still up to 70 C hotter. At 
this point, the transformation is complete everywhere except for a thin band near the 
surface of the carburized zone, in which the martensite finish temperature is below 45 
C. 
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Model predictions of distortion following quench and deep-freeze are shown together with 
averaged measurements of distortion following deep-freeze in Table 16 below; a comparison 
of model predictions of distortion with measured averages is pictured in Figure 73. Although 
it is not evident in Table 16, model calculations show that most of the distortion occurs 
during quench, as one might expect, since the effect of the deep-freeze operation is primarily 
limited to the carburized zone, which is not large enough to affect gear blank distortion 
appreciably. 

TABLE 16.  COMPARISON OF MODEL CALCULATED DISTORTION FOLLOWING 
DEEP-FREEZE WITH AVERAGED MEASURED VALUES 

measurement 
location 

average measured distortion — 
10"3 in (standard deviation) 

model calculated distortion 
(10"3 in) 

1. 0.2 (0.2) 0.8 

2. 0.6 (0.4) 0.1 

3. 3.9 (1.1) 3.0 

4. 4.3 (5.6) 3.6 

5. -1.3 (6.1) 2.4 

6. -1.0 (3.4) 1.0 

7. -0.3 (1.0) 0.4 

8. 0.1 (0.7) 0.1 

9. 0.0 (0.9) 0.9 

shaft length 0.4 (0.7) 5.9 

web thickness 0.9 (0.9) 0.2 

Most of the predicted distortion values given in Table 16 are quite consistent with averaged 
measured values. In particular, model predictions of the radial growth of the rim (3.0 mils) 
and the axial distortion of the rim (3.6 mils), which one might expect to be the distortions 
with the highest magnitudes, compare favorably with their respective measured averages (4.3 
and 3.9 mils).   Predictions for the radial growth of the shaft (points 1, 2, 8 and 9) are all 
small (less than one mil) and generally in the range of measured values.  The only data that 
are not consistent with the experiment averages are the axial distortion at interior points of 
the web (5,6, and 7) and the change in length of the shaft. 

An explanation for these differences would seem to lie in the aforementioned problems with 
pressure control of the inner ram. The small average measured change in length of the shaft 
(0.4 mils) and the fact that in some cases the shaft actually shortened do not appear to be 
consistent with the change in volume accompanying the transformation.  It seems very likely 
that the length of the shaft was adversely affected by the irregular die pressure. Moreover, 
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the very large standard deviations associated with measurements along the web clearly show 
that the averaged values have little statistical significance.  Of course, one could argue that 
the good agreement demonstrated at point 4 is of questionable significance, as well.  In fact, 
of all the data presented in Table 16, only data for location 3 is statistically robust.  The good 
agreement between model predictions and measurements for this location are encouraging. 
For the other locations, model predictions are generally well within one standard deviation of 
the average measured value; however, the large magnitude of the standard deviation precludes 
a more quantitative assessment of model accuracy. 

Residual Stresses 

Contours of residual radial stress and circumferential stress are plotted in Figure 74. 
Circumferential residual stresses are highest in the carburized regions; this is clearly due to 
the effect that carbon has on transformation kinetics and transformation volume change. 
Compressive stresses arise because, as the carburized region transforms, the material in this 
region tries to expand, but it is constrained from expanding fully because the surrounding 
material, which is at a lower carbon level, does not expand as much.  Figure 75 shows 
profiles of circumferential stress near the edge of the rim following deep/freeze and temper. 
Compressive residual stresses peak about 0.5 mm below the surface due to the enhanced 
volume change associated with high carbon levels, and then become less severe at the surface 
due to the presence of retained austenite. (Although not considered in this model, 
decarburization at the surface during austenitization can also cause the compressive stresses at 
the surface to lessen; however, at the relatively low austenitization temperature, 830 C, this 
effect should be small.) During the temper operation, the profile of residual stress changes, 
with the surface values decreasing in magnitude due to the negative volume change associated 
with formation of carbides. 

Included in this figure are the measured residual stress values.  They are consistent with 
model predictions both in magnitude and the trend toward decreasing magnitude after temper. 
It should be noted, however, that model predictions of these stress profiles are sensitive to the 
values of key parameters which are not accurately known.  In particular, the residual stresses 
following deep-freeze are quite sensitive to the effect of carbon content on the transformation 
volume change and the transformation temperature. At high carbon levels the transformation 
is not complete at room temperature (see Figure 15), and thus the complete measurement of 
transformation parameters could not be made with the experimental set-up that was used. 
Instead, the values at higher temperatures/lower carbon levels were extrapolated.  In addition, 
the change in residual hoop stress following temper is quite sensitive to the choice of the 
volume change coefficient.  This coefficient was taken from available literature data for 
another alloy. Based upon the fact that the model predicts a decrease in stress magnitude that 
is much greater than that measured, it is likely that the coefficient that was used (0.002), is 
much too high. 
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Profiles of residual radial stress along the top of the web are plotted in Figure 76.  These 
profiles are quite consistent with the indicated measured values; their magnitude is likely a 
strong function of the magnitude of the surface heat transfer coefficients and the differences 
in surface heat transfer coefficients between the top of the web and the bottom.  (Note the 
difference in residual stress between the top and the bottom of the web in Figure 74.) It is 
not clear whether these stresses were affected by the irregular inner die pressure. 

SUMMARY 

Overall, development and application of the model to a gear-type configuration has provided 
good predictions of distortion patterns and magnitudes and other parameters important in the 
heat treating process. 

As summarized in Table 17, model predictions are consistent with measured data for: 

• radial growth of the rim; 
• residual hoop stress at the edge of the rim; 
• residual radial stress along the top surface of the web. 

Although there is tremendous variability in the measurements of the axial distortion of the 
web, model predictions of axial distortion also lie in the middle of the experimentally- 
observed range. 

TABLE 17.  COMPARISON OF KEY MODEL PREDICTIONS WITH MEASUREMENTS 

Parameter Observed Range Predicted Value 

Distortion 
peak axial 
distortion of 
web 

radial growth 
of rim 

-0.0013 to 0.0099 inches 
(-0.03 to 0.25 mm) 

0.0028 to 0.0050 inches 
(0.07 to 0.13 mm) 

0.0036 inches 
(0.09 mm) 

0.0039 inches 
(0.10 mm) 

Residual stress 
-         Rim (hoop) 

1            -         Web (radial) 

-252 to -241 MPa 

162 to 213 MPa 

-306 MPa 

180 MPa 

In regard to the data presented in Table 17, the good agreement between the radial growth of 
the rim and the residual radial stress along the web provides a first level of confidence in the 
model's predictive capabilities.  The reasonable agreement between the predicted and 
measured values for residual hoop stresses are also encouraging, but less quantitatively 
significant because of the lack of measured transformation data below room temperature. 
Unfortunately, due the variability in web distortion patterns caused by irregular die pressures, 
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the good agreement between the model predictions of peak axial web distortion and the 
average of measured values is less significant and prevents a more quantitative assessment of 
model accuracy. 

Simulation of the heat treatment of the gear blank has been a valuable experience; some of 
the lessons learned from this case study include the following: 

• carburization distortion is small; prior residual stresses likely have little effect on 
distortion; 

change in part size is a strong function of the relative magnitudes of thermal and 
transformation volume change; 

although, in the experiments, web distortion and web residual radial stresses were 
most strongly influenced by control of the quench press die, model calculations 
suggest that differences in heat transfer above and below the web are also an 
important factor; 

rim hoop residual stresses are a strong function of the carbon gradient, its influence on 
transformation parameters, and the deep-freeze temperature; 

• Overall, the most important parameters for this study appear to be surface heat transfer 
coefficients and volume change parameters; 
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CONCLUSIONS 

In this investigation, a model for simulation of heat treatment processes for helicopter gears, 
namely carburization, quench, deep-freeze and temper, has been developed and has been 
incorporated into the commercially available finite element code ABAQUS.  The extensive 
list of material properties and boundary conditions, both thermal and mechanical, have been 
determined through measurement or literature review. Finally, the modelling approach has 
been tested and improved through application to two simple problems. 

While there are clearly many issues that still must be explored regarding the physics of the 
model, the level of accuracy of the material properties that are required, and the methods by 
which surface conditions are accounted for, it is the belief of the authors that the approach 
taken in this study has provided a methodology which can be successfully applied to improve 
heat treatment processes for helicopter gears and other precision components. 

The thermomechanical modelling framework that has been developed provides a relatively 
straightforward means to probe the interrelationships between the material properties of the 
steel, the geometry of the gear, the heat treatment processing parameters and the performance 
requirements of the finished product.  The structure of the model has been developed to a 
state at which, as more data are gathered, it can easily be extended to account for features 
that are deemed to be important, and it can also be easily simplified so that calculation time 
is not wasted in accounting for unimportant features. 

The material property set that has been determined for 9310 steel, although by no means 
complete, is arguably one of the most comprehensive sets in existence for modelling of this 
sort and provides a firm basis from which to continue to build a comprehensive material 
database. 

The investigation of the flat disk provided an initial means to validate the model.  The results 
of this study also clearly showed the importance of having material property data that are 
accurate for the processing conditions that are being simulated.  Further material property 
tests must be designed to account for process parameter variation. 

The application of the model to the rim/web gear blank provided an invaluable first look at 
how the model will be applied as a tool. There are several conclusions that can be drawn 
from this experience: 

While experimental difficulties and a lack of a some material property data prevented 
a more quantitative assessment of the model's capabilities, the general agreement 
between average predicted and measured distortion and residual stresses is 
encouraging and provides an initial degree of confidence that the finite element 
modelling methodology that has been developed can provide reasonable predictions of 
distortion and residual stress. 

the boundary conditions associated with the press quench are quite complex and need 
to be better understood, both from the point of view of making more accurate models 
and for improving die design. For example, some questions that must be answered 
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include: how much frictional constraint do the dies impose? Would more or less of a 
constraint provide for more distortion control?  How much pressure should be applied 
to various parts of the gear? Can optimal pressure levels be determined through 
modelling? Finally, it is clear that heat transfer coefficients play a key role in 
distortion during quench. How can modelling help determine better oil flow rates and 
flow paths? 

• In the absence of die pressure irregularities, it appears that distortion during quench is 
most dramatically affected by the interaction of the following parameters: 

- variations in surface heat transfer coefficients; 
- thermal expansion coefficients; 
- martensite transformation parameters, i.e. transformation temperatures 

and transformation volume change; 
- strength levels. 

It is the chain of interaction during quench that is governed by the values of these 
parameters that produce distortion:  (1) gradients in temperature are caused by rapid 
heat transfer through the surface of the part, which become more severe when the heat 
transfer conditions vary; (2) these gradients in temperature produce gradients in 
volume change due to thermal expansion and martensitic transformation; (3) the 
accommodation of gradients in volume change produce internal stresses; (4) finally, 
distortion results from the plastic deformation that occurs when the internal stresses 
exceed the strength level of the alloy. 

This chain of interaction implies is that the accuracy of computer simulations models 
will be greatest when these fundamental parameters are accurately modelled.  Thermal 
expansion coefficients are relatively easy to determine, but all of the other parameters 
on this list are harder to pin down.  Martensite transformation parameters are easily 
measured above room temperature, but are more difficult to determine below room 
temperature.  Strength levels are difficult to determine because of the transient nature 
of the parameters on which they depend, namely temperature and volume fraction. 
Finally, heat transfer conditions, which are perhaps the most critical, unfortunately 
seem to be the most difficult to quantify.  Unlike the other parameters, which are 
material properties and are therefore not gear-specific, heat transfer conditions depend 
strongly on the geometry of the gear and the die, and the flow characteristics of the 
oil. More effort needs to be put into the development of methods to quantify heat 
transfer coefficients without relying on the extensive use of data obtained from 
instrumented gears. 

One question that still remains is whether the models can provide predictions of the very 
small distortions associated press-quenching with sufficient accuracy, given the large 
variability of observed distortions.  The model is certainly capable of predicting very small 
distortions, but the merit of these predictions is diminished if the magnitude of the predicted 
distortions are swamped by the magnitude of the observed variability.  It may turn out that 
the model will be best used as a tool that predicts distortion patterns, and how these patterns 
change with variations in processing parameters, as opposed to one that will be used to 
predict absolute magnitudes of distortion for a particular set of processing conditions. 
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RECOMMENDATIONS 

The work presented here represents a first step toward development of practical heat treat 
simulation tool that can provide great benefit to the designer of heat treat processes for 
helicopter gears.  Given the complex nature of the problem, however, further development of 
the model is required to bring it to such a practical level.  Continued work on this topic 
should include: 

• Refining the model and using it to explore the relative importance of process 
parameters.  The scope of work in this program did not call for such exploration, but 
at this juncture, it is necessary to determine which of the many parameters which 
affect distortion are the most significant. The structure of the model that has been 
developed is flexible and can easily be extended to account for material behaviors, 
such as transformation-induced plasticity, that have not yet been considered.  Of 
course, many of the parameters that describe such behavior have not yet been 
measured, so some estimation of their magnitude, based upon sound engineering 
judgment, will be required.  It should be noted that it is not only the magnitude of the 
various parameters that is important — the extent and nature of the variation of these 
parameters must be explored as part of this effort. 

• Depending upon the results of these sensitivity studies, gaps in the 9310 material 
property database should be filled.    It is already clear from the simulations that have 
been performed in this study that better information is needed regarding material 
expansion behavior during heat-up and that regarding cooling behavior at high carbon 
levels.  Also, better data is needed to feed the carbon diffusion model.  Finally, a 
more accurate value for the volume change accompanying temper is required. 

• While it was certainly beneficial to explore the use of the model for simulation of 
distortion during press-quench, it is probably prudent to now take a step back and 
study the free-quench of a part with a geometry of intermediate complexity.  In this 
manner, the complications inherent with the press-quench itself can be separated from 
those associated with exposure of the part to a flowing quench medium. 

• Once the model's ability to simulate heat treatment of structures of intermediate 
complexity has been confirmed, the application of the model to actual gears, with 
teeth, must be explored.  Including the teeth complicates matters in two ways: (1) it 
increases computation time extensively, and thus it is important to optimize the 
program to minimize computation requirements; (2) oil flow nonuniformities become 
much more significant, and therefore the variation in surface heat transfer coefficients 
become more difficult to predict.  Included in such an effort must be a study of the 
variation in heat transfer coefficients around the gear and, in particular, at different 
locations on the teeth. 

• More extensive study of quench-press boundary conditions is also clearly needed.  If 
the ultimate utility of the model is to lie in modelling the press quench operation, then 
the parameters of the press-quench that affect the gear most need to be better 
understood.  Such a study will have the added benefit of providing a means to 

127 



improve die designs and optimize flow controls. 

Finally, how to best integrate the software into manufacturer's CAD systems must be 
investigated.    Several questions must be answered:  What, if any, specialized front- 
end programs must be connected to the ABAQUS-based analysis tool? To what 
extent should the user of the program be familiar with the details of the code? Will 
the code need to be transferred to other analysis platforms?  System integration is a 
logical step that should follow-up refinement of the model and confirmation of its 
utility as a tool. 
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Appendix A.  Carbon Content and Hardness Measurements Performed by Dirats Laboratories. 
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Appendix B.  CCT Diagram Development Performed by Climax Research Services. 
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CRS Report S-1895 

Continuous Cooling Transformation Behavior of SAE 9310 Steel 

Background Information 

SAE 9310 is a "premium" grade of carburizing steel containing nominally 
0.1% C, 0.55% Mn, 0.25% Si, 3.25% Ni, 1.2% Cr and 0.1% Mo.  Climax Research 
Services (CRS) was provided a sample of this steel by Arthur D. Little Company 
(ADL) for dilatometric studies.  CRS was requested to determine the continuous 
cooling transformation (CCT) behavior of the material after austenitizing at 
1525F (829C).  Because of the quenching procedures and section sizes relevant 
to the application of current interest to ADL, very good definition of the 
transformation behavior at relatively rapid cooling rates (cooling times of 10 
minutes and less) was requested, with less precise definition of the CCT 
diagram at slower cooling rates. 

Procedures 

The material was received as a single piece of hot-rolled bar stock, 
nominally 0.5 inch diameter by 12 inches length.  Cylindrical dilatometer 
specimens were machined from this stock, 3 mm diameter by 10 mm length, with a 
2 mm diameter hole drilled axially into one end to a depth of approximately 
5 mm. 

A quenching dilatometer was used for all thermal processing.  This in- 
strument employs induction heating of the test specimens in vacuo.     Tempera- 
ture measurement and control is accomplished via a Pt/Pt-13%Rh thermocouple 
spot welded to the specimen in the axial hole.  The desired thermal cycles are 
achieved with a programmable controller, balancing the induction power input 
to the specimen against thermal losses due to radiation; at lower temperatures 
where radiation losses are small, and/or when fast cooling rates are required, 
He gas is admitted to the specimen chamber to provide additional, convective 
cooling.  Specimen temperature and length are continuously monitored and 
recorded during thermal processing.  The temperature ranges over which phase 
transformation occurs are established from the specimen length vs. temperature 
data, as described in the literature. 

The lower and upper critical temperatures, Ac-^ and Ac3, of the steel were 
determined on a single dilatometer specimen.  This was heated rapidly to 600C 
and stabilized at temperature, then heated further to 960C at a controlled 
rate of 2 C/min. 

Usually, CCT behavior is determined by examining individual samples at 
nine to ten different cooling rates more-or-less equally spaced on a logarith- 
mic scale and covering cooling times ranging from several seconds to 24 hours. 
In the present study, however, given the special needs of ADL, the ten cooling 
programs were chosen so that the maximum cooling time was 270 minutes, with 

1.  G.T. Eldis, "A Critical Review of Data Sources for Isothermal 
Transformation and Continuous Cooling Transformation Diagrams," 
Hardenability Concepts with Application to Steels. D.V. Doane & J-S. 
Kirkaldy, eds., AIME, Warrendale PA, 1978, p. 126. 
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six of the ten programs equally and logarithmically spaced over 10 seconds to 
10 minutes cooling time. Linear programs were used on all ten specimens, and 
linear cooling was generally well maintained except as disturbed by transfor- 
mation recalescence. Prior to cooling, each sample was held for 20 minutes at 
the austenitizing temperature of 1525F (829C). Table 1 summarizes the pro- 
grammed cooling times and actual average cooling rates (800-500C) for all ten 
specimens. 

After dilatometer processing, the ten program cooled specimens were 
mounted in room-temperature curing epoxy resin and prepared for metallographic 
examination by normal mechanical methods.  The specimens were etched in 2% 
Nital and examined optically at magnifications to 1000X to identify the trans- 
formation products present.  Following metallographic examination, the hard- 
ness of each specimen was measured using a diamond pyramid indenter and 10 kg 
load. 

Results and Discussion 

The CCT diagram established from the dilatometric records, microstructur- 
al examinations and hardness tests combined, is presented in Figure 1.  On the 
diagram, horizontal lines indicate the austenitizing temperature, TA, and the 
critical temperatures, Ac-^ 3.  The number written at the end of each cooling 
curve is the dilatometer specimen hardness (HV10) after cooling as indicated. 
Transformation "phase boundaries," indicating the temperature ranges over 
which dilatometrically detectable transformation to various microconstituents 
occurs on cooling, are defined by the solid lines intersecting the cooling 
curves.  The dashed lines within these transformation regions are iso-trans- 
formation contours and indicate, approximately,   the volume fraction of austen- 
ite that has transformed on reaching the indicated temperature.  This approxi- 
mation, deduced from the specimen length vs. temperature data as described 
elsewhere,1 is reasonably accurate when austenite transformation is essential- 
ly completed upon reaching room temperature; the accuracy of the estimate 
decreases as the amount of retained austenite remaining in the specimen in- 
creases . 

Under the processing conditions investigated here, substantial quantities 
of bainite form in the material at intermediate cooling times.  The bainite 
that forms is of the "granular" or "carbide-free" type (see Figure 2a), con- 
sisting of small islands of carbon-enriched austenite in a dislocated / acicu- 
lar ferrite matrix as opposed to the conventional acicular ferrite + carbide 
structure.  This retained austenite partially transforms to martensite at 
lower temperatures; close examination of the specimen length vs. temperature 
records suggests the Ms of the carbon-enriched austenite islands is on the 
order of 150C (302F). 

At the two fastest cooling rates examined, the dilatometer records indi- 
cated a fully martensitic structure is obtained, and this was generally con- 
firmed by microstructural examination (Figure 2b).  The Ms is approximately 
435C (815F).  However, prolonged scanning of the metallographic sample sug- 
gested to this writer the presence of trace amounts of bainite in the micro- 
structure of the two most rapidly cooled samples, and this is indicated in the 
CCT diagram by the "Traces Bainite" legend written just above the Ms. 

The microstructure obtained at the two slowest cooling rates examined 
consists of polygonal ferrite, some relatively large islands of retained 
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austenite + martensite (M-A constituent), and granular bainite (Figures 2d 
and 2e).  Pearlite, presumably requiring much slower cooling rates to form, 
was not observed.  The larger islands of M-A constituent apparently result 
from localized carbon enrichment of the austenite during the growth of poly- 
gonal ferrite.  These carbon-enriched regions remain stable during cooling 
through the bainite transformation range, partially transforming to martensite 
at temperatures below 150C (302F).  The granular bainite formed in these more 
slowly cooled samples apparently nucleates and grows in regions that have not 
been significantly enriched in carbon as a result of the polygonal ferrite 
formation. 

Summary 

The lower and upper critical temperatures of the hot rolled SAE 9310 
examined are 670C and 760C, respectively (1238 and 1400F). 

At cooling rates faster than about 30 C/s (54 F/s), a predominately mar- 
tensitic structure is obtained, with traces of bainite detectable by careful 
metallographic examination but not by dilatometry.  The Ms is approximately 
435C (815F). 

Under the processing conditions examined, the bainite that forms in this 
material is of the granular or carbide-free type, consisting of islands of M-A 
constituent in acicular ferrite.  The Ms of the carbon-enriched austenite 
islands initially in the bainite is on the order of 150C (302F). 

High temperature transformation products, e.g. polygonal ferrite, form at 
cooling rates slower than about 0.3 C/s (0.5 F/s). 

CLIMAX RESEARCH SERVICES 
18 September 1992 

Dr. George T. Eldis 
Metallurgical Engineer 
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Table 1.  Summary of Cooling Rates Investigated 

Cooling^a'   Programmed Linear        Actual^ ' 
Curve      Cooling Time       Cooling Rate, C/s 

1 10s 81 

2 20s 41 

3 40s 19.4 

4 lm 20s 9.9 

5 2m 40s 4.0 

6 5m 2.7 

7 10m 1.4 

8 30m 0.45 

9 lh 30m 0.15 

10 4h 30m 0.05 

Notes:   (a) Reading left to right on the CCT diagram, Figure 1. 

(b) Average cooling rate over the temperature range 800 to 500C (1470 
to 930F). 
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(a) Granular bainite structure.  Sample cooled at 1.4 C/s, final 
hardness 314 HV10.  1200X. 

(b) Predominately martensitic structure.  Sample cooled at 41 C/s, final 
hardness 406 HV10.  1200X. 

Figure 2.  Microstructures of the transformed dilatometer specimens. 
2% Nital etch. 
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(c) Mixed microstructure of martensite + granular bainite. 
at 19.4 C/s, final hardness 405 HV10.  1200X. 

Sample cooled 

Figure 2 (continued) 
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(d) Mixed microstrueture of polygonal ferrite, granular bainite and 
M-A constituent.  Sample cooled at 0.05 C/s, final hardness 
269 HV10.  1200X. 

(e) Same area as (d) above.  2000X. 

Figure 2 (concluded) 
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Continuous Cooling Transformation Behavior of SAE 9310 Steel 
Through-Carburized to Four Different Carbon Contents 

Background 

In a previous study,1 Climax Research Services (CRS) determined the 
continuous cooling transformation (CCT) behavior of SAE 9310 steel  Subse 
quent to that investigation, Arthur D. Little Co. (ADL) provided CRS with an 
additional piece of 9310 for further study.  CRS was requested to prepare 
dilatometer samples from the material provided which were then to be throurfi- 
carburized to four different carbon contents.  The CCT behavior would then be 
determined, for relatively rapid cooling rates, at all four carbon levels 
The goal was to establish the transformation behavior at various locations in 
the case of a carburized component. 

Procedure 

The material was received as a single piece of bar stock, nominally 17 mm 
diameter by 275 mm length.  Twenty dilatometer samples were machined from the 
bar each 10 mm length by 3 mm diameter with a 2 mm diameter hole drilled 

™i! £-lnt^ T\^ t0,  a d6pth °f 5 mm-  At the recIUest of ADL' these ^mples were shipped to Klock Company in Manchester, Connecticut, where four groups of 
five samples each were through carburized to four different carbon contents. 

Quenching dilatometry was used to determine the CCT behavior of the 
carburized samples.  The test apparatus, test procedures and general methods 
of interpreting the data have been described elsewhere.1'2 

In the present study, the lower and upper critical temperatures, Ac, and 
Sir*,       cm4 ™^e.dffrmined by heating a single sample of each carbon content 

at zu/mm (3.6F/mm) between the temperatures of 600 and 960C (1112 and 
1760F)  Transformation behavior on cooling was determined by austenitizin* 
individual samples at 829C (1525F) for 20 minutes and then quenching at con- 
trolled rates of nominally 80, 40, 20 or 10 C/s (144, 72, 36 or 18 F/s). 

After processing in the dilatometer, the controlled-cooled samples were 
mounted in room temperature curing epoxy resin and prepared for metallographic 
observation by normal mechanical methods.  The final plane of observation was 
transverse to the specimen axis and 1-2 mm below the solid end of the sample 
After polishing to a 1/x finish, the hardness of each sample was measured with 
a diamond pyramid indenter and 10 kg load.  The samples were then finish 
polished etched in 2% Nital and examined optically at magnifications to 1250X 
to identify the microconstituents that had formed during cooling. 

Results and Discussion 

Condition of the As-Carburized Samples 

The small amount of material available for study precluded examination of 
the starting microstructure of the as-carburized specimens.  The matte, dark 
gray external appearance of the samples reportedly carburized to carbon cont- 
ents of 0.34, 0.58 and 0.83% suggests to this writer that those treatments 
were performed in an endothermic type of atmosphere.  The substantial amount 
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of intergranular/surface oxidation (IGO) visible on the metallographic sec- 
tions of these samples after dilatometer processing (see Figure 1) supports 
this view._ In contrast, the bright, shiny appearance of the samples reported- 
ly containing 0.1% carbon indicates that these were mock or blank carburized 

No Tel  LYJr7YVn a,q?ite Clean inSrt °r sliShtly reducing atmosphere. 
No IGO was detected after dilatometer processing of these lower carbon speci- 

TM'        ,n  nT    f  IG° °n thS hlgher Carb°n SamPles is on the order  of 
0.02 mm (0.001 m).  However, at the four cooling rates investigated the IGO 

tionTroduct^'rf *'■?*  Si*nificant amount °f **&  temperature transforma- 
tion products  Thus, its presence in these samples is not expected to have 
had a measurable effect on the CCT behavior. 

The reader is cautioned that, as of this writing, it is not known if the 
material provided for this investigation is from the same heat of steel used 
xn the previous study; whether or not this is the case will influence the 
comparison of the partial CCT diagrams produced here with the more complete 
diagram produced previously. F 

Transformation Behavior 

The partial CCT diagrams determined for the SAE 9310 at the four differ- 
ent carbon contents are presented in Figures 2 and 3.  These constructions 
represent the final results of analysis of the dilatometric, metallographic 
^ h

rrlTSS c°mbined-  The ^gures are constructed to the same scale as 
the CCT diagram produced in the previous study, to facilitate comparison by 
overlay if desired. y 

Table 1 presents the actual cooling rates imposed on each individual test 
specimen.  The deviation of the actual cooling rates from the aim nominal 
cooling rates of 80, 40, 20 and 10 C/s is a result of the inability of the 
apparatus to provide complete and reproducible control over the separate 
competing processes of He gas quenching and induction heating which are super- 
imposed on the specimen to achieve the desired linear quenching rates.  This 
lack of precision in control increases with increasing quenching rate. 

Table 2 shows, for each of the four carbon contents in question the 
lower and upper critical temperatures, the average Ms, and a dilatometric and 
metallographic estimate of the amount of retained auitenite remaining in the 
material at room temperature.  The decrease in H    with increasing carbon 

the ^Vn ^e ?**?*  °f 42° C/Wt--%' in "arable agreement with data in 
inde^d^r^"  I exPerimental error, the lower critical temperature is 
independent of carbon content, as is to be expected.  For the hypoeutectoid 
carbon contents (0 10 and 0.34%), the upper critical temperature'decreases 
with increasing carbon content, again as expected.  Increasing the carbon 
content further to 0.58% results in an increase in the upper critical tempera- 
ture, suggesting the steel is hypereutectoid at this carbon content.  On this 

ratneVlh^A   "^ ^ desi*nated the UPP" critical temperature as Ac 
left)  Atn0 8?%cn tt  Pa"ia\CCT diaS— for this carbon level (Figure 3,CI" 
strated hv HT ! '  5 material ls unquestionably hypereutectoid, as demon- 

belowf \lfarlaU^lrTXm  Pr°dUCtS f°rmed °n CO°linS (see discussion below)   The fact that the apparent Ac  is lower for the 0.83%C material 
compared with the 0.58%C material is no? too surprising in this writer's 

tionritnrh: hTh^.aPparent Accm is influenced by the rate of carbide dissolu- 
tion at the heating rates employed, which in turn is strongly influenced by 
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the starting carbide morphology and distribution.  As noted above, the start- 
ing condition of the as-carburized dilatometer specimens was not determined 
here. 

The retained austenite estimates in Table 2 refer to those regions of the 
FCC constituent which might transform to additional martensite on sub-zero 
cooling.  For the two lower carbon contents, the dilatometric length vs 
temperature records indicated resumption of linear thermal contraction be- 
havior (i.e., an Mf) at sufficiently high temperatures that this writer feels 
quite confident of the estimates of 0% transformable austenite at room temper- 
ature in these materials.  For the two higher carbon contents, the Mf was 
unquestionably below room temperature and could only be roughly estimated by 
extrapolation of the non-linear "tails" on the length-temperature curves  The 
estimates of transformable retained austenite for these two materials are thus 
rough approximations that may easily be too low by 5 to 10 vol.-%. 

Base Alloy (0.1%C) 

This is "the same" material previously studied, and comparison of the 
current partial CCT diagram (Figure 2, left) with that determined earlier 
reveals generally minor differences between the two.  Traces of bainite can be 
observed in the microstructure after cooling at even the fastest rates, even 
though the amount of transformation was insufficient to be detected by the 
dilatometer.  The slightly lower Ms and greater delay in the onset of signifi- 
cant (i.e., dilatometrically detectable) bainite transformation in the present 
study might be considered within the realm of experimental error.  There is 
however, one significant difference between the two sets of samples in ques- 
tion, namely in the as-quenched hardness of the dilatometer specimens  indi- 
cated at the lower end of the respective cooling curves.  In the present 
study, the hardness is consistently 20-30 HV10 lower (2-3 HRC equivalent). 
This major difference, combined with the other differences noted above sug- 
gests to this writer that the material used in the present study is indeed 
from a different heat of steel than previously used, a heat with somewhat 
lower carbon content and greater total alloy content. 

Figure 4 presents optical micrographs of the most rapidly and the most 
slowly cooled of the base alloy specimens. 

Material Carburized to 0.34 and 0.58%C 

The CCT diagrams of these two intermediate carbon materials, Figure 2 
(right) and Figure 3 (left), indicate only martensite formation at the four 
cooling rates examined.  With increasing carbon content, the transformation 
temperature range decreases, and the transformed hardness increases as ex- 
pected. 

Optical micrographs of the most slowly cooled sample of each carbon 
content are presented in Figures 5 and 6.  Increasing carbon content from 0 1 
to 0.34% results in a very pronounced change in martensite morphology from a 
predominately lath structure (Figure 4a) to more randomly oriented platelets 
(Figure 5).  The morphological change on going from 0.34 to 0.58%C is less 
pronounced (compare Figures 5 and 6) and appears to involve a decrease in 
definition of the inter-platelet boundaries more than any other change  This 
may be simply the result of a lower etching response in the higher carbon 
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material due to a decrease in the amount of autotempering possible with de- 
creasing transformation temperature. 

Material Carburized to 0.83%C 

The CCT diagram for the highest carbon material (Figure 3, right) indi- 
cates, in addition to martensite formation at still lower temperatures  the 
precipitation of carbides in the austenite prior to martensite formation 
Note that the transformed hardness has decreased somewhat relative to the 
0 58%C material, apparently because of the higher retained austenite content 
of the higher carbon samples. 

The carbide precipitation is not detectable dilatometrically, but is 
readily evident when the microstrueture is examined.  At the fastest cooling 
rate there is no evidence of carbide; the micrograph (Figure 7a) shows only 
small white patches of retained austenite in a martensitic matrix that is very 
unresponsive to the etchant.  At a nominal cooling rate of 40 C/s a small 
amount of carbide precipitate is seen decorating prior austenite grain bounda- 
ries (Figure 7b).  At the slowest cooling rate, nominally 10 C/s, grain bound- 
ary precipitation is very pronounced, and some carbide precipitation within 
the prior austenite grains is evident as well (Figure 7c).  Throughout the 
martensitic matrix remains very unresponsive to etching, apparently due to the 
nearly complete absence of any autotempering at the low transformation temper- 
atures involved. 

Summary 

Raising the carbon content of the SAE 9310 base composition to 0 34% and 
higher eliminates the formation of bainitic microconstituent at cooling rates 
of 10 C/s or faster.  With increasing carbon content, the martensite transfor- 
mation temperatures decrease, and the martensite morphology changes from 
generally parallel laths to more randomly oriented platelets.  Transformed 
hardness increases with carbon content from 0.1 to 0.58%C.  At 0 83%C the 
transformed hardness is significantly lower than at 0.58%C, apparently due to 
the increased amount of retained austenite present. 

The dilatometric and metallographic data indicate that the 9310 base 
composition is most probably hypereutectoid at 0.58%C, and definitely hypereu- 
tectoid at 0.83%C.  In the 0.83%C material, at cooling rates of 40 C/s or 
slower, formation of martensite is preceded by precipitation of carbides in 
the austenite, first at austenite grain boundaries and then within the grains 
themselves. ° 

CLIMAX RESEARCH SERVICES 
3 March 1993 

Dr. George T. Eldis 
Metallurgical Engineer 
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Table 1. Cooling Rate Dat a for the Individual Test Specimens 

Steel Carbon 
Content, Wt.-% 

Cooling^ 
Curve 

Aim. Nomina 
Cooling Rate, 

1 
C/s Coc 

Actual(b) 

»ling Rate, C/s 
0.10 1 80 82 

2 

3 

4 

40 

20 

10 

37 

21 

10 

0.34 1 

2 

3 

4 

80 

40 

20 

10 

76 

39 

21 

10 

0.58 1 

2 

3 

4 

80 

40 

20 

10 

91 

40 

20 

9 

0.83 1 

2 

3 

4 

80 

40 

20 

10 

87 

38 

20 

10 

Notes:   (a) Reading from left to right on the diagram, 

(b) Average cooling rate from 800 to 500C. 

Table 2. Critical Temperatures, Ms and Retained Austenite After Quenching 

Carbon, 
Wt.-% 

0.10 

0.34 

0.58 

0.83 

Critical Temperatures, C (F) 
Lower      Upper        M„, C (F) 

665 (1229) 760 (1400) 

668 (1234) 730 (1346) 

670 (1238) 760 (1400) 

668 (1234) 740 (1364) 

427 (801) 

288 (550) 

201 (394) 

119 (246) 

Approx. Retained^3' 
Austenite, Vol.-% 

0 

0 

5 

12 

Notes:   (a) Estimated from dilatometry and metallographic examination. 
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Figure 1. Typical appearance of IGO on dilatometer specimens carburized to 
0.34%C or greater.  0.83%C specimen quenched at 10 C/s 
2% Nital etch, 500X. 
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mm 

(b) Quenched at nominally 10 C/s.  Martensite + Bainite, 376 HV10. 

Figure 4. Microstructure of the base alloy (0.1% C) after quenching as 
indicated.  2% Nital etch, 1250X. 
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$ 
V?:-1 

y§^ 

&\fc :V.'',V ■^ 

'■> i^, ■'«- 

Figure 5. Microstructure of 0.34% C material quenched at nominally 10 C/s. 
2% Nital, 1250X. 
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(a) Quenched at nominally 80 C/s. 

Figure 7. Microstructure of 0.83% C material after quenching at indicated 
rates.  2% Nital etch, 1250X. 
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"r ■''■' ' 

. •:.1-'':■.'■  ■••:.' 

(b) Quenched at nominally 40 C/s. 

Figure 7 (concluded) 
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Appendix C.  Rim/Web Gear Experiment — Surface Temperature History Measurements. 
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Appendix D.  Rim/Web Gear Experiment — Dimensional Measurement Data 
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QD 
LAMBDA 
RESEARCH 
5521 FAIR LANE CINCINNATI, OHIO 45227 PHONE: 513/561-0883 FAX: 513/561-0886 

Arthur D. Little, Inc. 
25 Acorn Park 
Cambridge, MA 02140-2390 

X-RAY DIFFRACTION DETERMINATION OF 
THE SURFACE RESIDUAL STRESSES ON 

TWO 9310 STEEL GEAR BLANKS 
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INTRODUCTION 

Two gear blanks were received from Arthur D. Little Inc. for the purpose of determining the 
circumferential and radial surface residual stresses. The gear blanks, identified as RW2 and 
RW3, were reportedly manufactured from 9310 steel, and were nominally 4 in. long with a 0.4 
in. thick by 4.5 in. diameter disk mid length on the axis. 

The purpose of this study was to determine the residual stresses in each specimen due to 
carburizing the rim. 

Re^parch Engineer Lab Technician Quality Assurance 

This report shall not be reproduced, except in full, without the approval of Lambda Research, 
Inc. The results reported apply only to the specific sample/s submitted for analysis. Lambda 
Research is accredited by the American Association for Laboratory Accreditation (Certificate 
Number 0138-01) and operates a quality system in accordance with ISO/IEC Guide 25. 
Lambda Research is a member of the American Council of Independent Laboratories. 
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TECHNIQUE 

X-ray diffraction residual stress measurements were made at the surface only on two gear 
blanks. Measurements were made on specimens RW3 and RW2 in a circumferential direction 
at three rim locations 120 deg. apart. The rim locations were identified as #1, #2, and #3. 
Residual stress measurements were also made on specimen RW2 in the radialdjrection at two 
0 deg. web locations and at two 180 deg. web locations. The web locations, measured on the 
long shaft side, were identified as #4, #5, #6, and #7. There was a 0 deg. reference mark on 
each gear blank. All of the measurement locations are shown in Figure 1. 

X-ray diffraction residual stress measurements were performed using a two-angle sine-squared- 
psi technique, in accordance with GE specification 4013195-991 and SAE J784a, employing the 
diffraction of chromium K-alpha radiation from the (211) planes of the BCC structure of the 9310 
steel. The diffraction peak angular positions at each of the psi tilts employed for measurement 
were determined from the position of the K-alpha 1 diffraction peak separated from the 
superimposed K-alpha doublet assuming a Pearson VII function diffraction peak profile in the 
high back-reflection region.0' The diffracted intensity, peak breadth, and position of the K-alpha 
1 diffraction peak were determined by fitting the Pearson VII function peak profile by least 
squares regression after correction for the Lorentz polarization and absorption effects and for 
a linearly sloping background intensity. 

Details of the diffractometer fixturing are outlined below: 

Incident Beam Divergence: 0.5 deg. 
Detector: Scintillation   set   for   90%   acceptance   of   the 

chromium K-alpha energy 
Psi Rotation: 10 and 50 deg. 
Irradiated Area: 0.1 by 0.1 in. 

The value of the x-ray elastic constant, E/(1 + v), required to calculate the macroscopic residual 
stress from the strain measured normal to the (211) planes of 9310 steel was previously 
determined empirically (2) employing a simple rectangular beam manufactured from 9310 steel 
loaded in four-point bending on the diffractometer to known stress levels and measuring the 
resulting change in the spacing of the (211) planes in accordance with ASTM E1426-91. 

Because only surface measurements were performed for this investigation, it was not possible 
to correct the results for the effects of penetration of the radiation employed for residual stress 
measurement into the subsurface stress gradient. The magnitude of this correction can be quite 
significant, particularly on machined or ground surfaces, and can even change the sign of 
surface results. It is recommended that subsurface residual stress profiles be obtained in the 
future to ascertain the magnitude of this correction and to define the subsurface residual stress 
profile. 

Lambda Research 2 401-5649 
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RESULTS AND DISCUSSION 

The circumferential and radial surface residual stresses are presented in Table I. Compressive 
stresses are shown as negative values, tensile as positive, in units of ksi (103 psi). 

The (211) diffraction peak width was calculated simultaneously with the macroscopic residual 
stress from the peak width in the psi=10 orientation. The (211) diffraction peak width is a 
sensitive function of the chemistry, hardness, and the degree to which the material has been cold 
worked. In martensitic steels, it is commonly observed that plastic deformation produced by 
processes such as shot peening or grinding will cause work softening, and a reduction in the 
peak width. In work hardening materials, the diffraction peak width increases significantly as a 
result of an increase in the average microstrain and the reduced crystallite size produced by cold 
working. The (211) diffraction peak width can be indicative of how the material may have been 
processed, and the depth to which it has been plastically deformed. 

The error shown for each residual stress measurement is one standard deviation resulting from 
random error in the determination of the diffraction peak angular positions and in the empirically 
determined value of E/(1 + v) in the <211> direction. An additional semi-systematic error on the 
order of ± 2 ksi (± 14 MPa) may result from sample positioning and instrument alignment errors. 
The magnitude of this systematic error was monitored using a powdered metal zero-stress 
standard in accordance with ASTM specification E915, and found to be +0.9 ksi during the 
course of this investigation. 

CONCLUSIONS 

The residual stress results, listed in Table I, indicate compression ranging from -24 ksi to -30 ksi 
for the measurements made at the rim of the RW3 specimen. The RW2 rim data indicate 
compressive stresses ranging from -35 ksi to -37 ksi. The web locations for specimen RW2 are 
in tension ranging from +17 ksi to +31 ksi. 

The (211) peak width data indicate hardened rim material. The RW2 specimen shows slightly 
harder material at the rim location compared to RW3. The web location data show relatively 
softer material compared to the rim location. 

REFERENCES: [sf.fm.0893] 

(1) P.S. Prevey, ADV. IN X-RAY ANAL., Vol. 29, 1986, pp. 103-112. 

(2) P.S. Prevey, ADV. IN X-RAY ANAL., Vol. 20, 1977, pp. 345-354. 
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SURFACE RESIDUAL STRESSES 
9310 STEEL GEAR BLANKS 
RIM AND WEB LOCATION 

Specimen 

RW3 

RW2 

Residual . Peak 
Direction Location Stress (ksi) "Width (deq.) 

Circ. Rim #1 (0 deg.) -29.3 ± 3.4 6.29 

Circ. Rim #2 (120 deg.) -24.6 ± 3.2 6.18 

Circ. Rim #3 (240 deg.) -25.4 ± 3.3 6.33 

Circ. Rim #1 (0 deg.) -36.0 ± 4.1 7.39 

Circ. Rim #2 (120 deg.) -36.6 ± 4.1 7.19 

Circ. Rim #3 (240 deg.) -35.0 ± 4.0 7.23 

Radial Web #4 
(Rim Edge) 

+30.9 ± 2.9 3.58 

Radial Web #5 
(Hub Edge) 

+23.5 ± 2.1 3.67 

Radial Web #6 
(Hub Edge) 

+17.5 ± 2.0 3.69 

Radial Web #7 
(Rim Edge) 

+22.8 ± 2.8 3.51 

Lambda Research Table 
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